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President, California Institute of Technology, and member, General Advisory Com- 
mittee to the United States Atomic Energy Commission, in an address at Berkeley, 
Calif., Nov. 16, 1949, quoted in the Seventh Semiannual Report of the A.E.C. 


> Tue cuter Goat of science is not to develop weapons of war; it is not to 
develop new or improved industrial products; not even to find cures for human 
disease. The primary goal of science is to understand nature. Its purpose is 
not to invent but to comprehend. Its aim is not to produce gadgets but to 
discover knowledge. Its most valuable and important products are not atomic 
bombs, radar, or penicillin, but new facts and new laws concerning the be- 
havior of the natural world. 

How do new discoveries in science get applied to solving the problems of 
everyday life, to advanced human welfare or national security? The develop- 
ment of new applications of scientific knowledge is not the main task of 
science as such, but the task of technology. Technology has as its primary 
aim the bringing of the results of science to the direct service of man, for 


such specific uses as may be deemed at the moment to be important or useful 
or profitable. 


I do not wish to imply any derogatory comparison between science and 
technology, or to suggest which is the most important. There is no use enter- 
ing an argument about the hen and the egg. All I wish to point out is that 
there is a hen and there is an egg. ... 


The future strength and progress of technology depends on the present 
strength of science. If all our efforts and funds are poured into technology 
while science starves, then the technology of tomorrow must wither and die. 
In other words, the most impractical thing we can do is to give our whole 
attention to what we call practical research. Even if we disregard — which we 
should not — the intrinsic values of science itself, the esential intellectual and 
spiritual values of understanding nature; even if we are solely interested in 
building a better industrial or military technology of tomorrow, still the most 
practical, indeed the only way of assuring that aim is to maintain a strong 
basic science today. 
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> IN ANOTHER WoRLD are the hands of this University of California scientist, 
inside the rubber gloves which protect him from the alpha particles given off 


by the materials he is examining. 


What Is Atomic Energy? 


While politicians, diplomats and the 
military play a game civilization has 
outgrown, scientists discover new 
worlds. 


This issue of Cuemistry is devoted 
largely to quotations from the Seventh 
Semiannual Report of the U.S. Atomic 
Energy Commission. It sums up pres- 
ent knowledge and explains our pres- 
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ent need for more fundamental re- 
search, 
> Unper the broad program for physi- 
cal research outlined in the Atomic 
Energy Act of 1946, the Nation’s in- 
vestment of money, scientific man- 
power, and research equipment is di- 
rected toward finding out— 

a) How atomic nuclei are put to- 





gether and what forces operate with- 
in them, so as to obtain a fuller un- 
derstanding of how atomic energy is 
released and how it can be put to 
work. 

6) How to work with and use 
fissionable materials, and all other ma- 
terials which assist in the production 
of atomic energy and which are pro- 
duced by atomic energy. 

In seeking the answers to these 
questions, physicists, chemists, metal- 
lurgists, and men in other lines of 
science work closely together. 

When heavy elements are bombard- 
ed by high-energy particles in accel- 
erators, or when material is subjected 
to radiation in a nuclear reactor, it is 
necessary to find out what transmuta- 
tions have occurred and what new 
elements have been formed in the tar- 
get material. This is a question, in the 
strict sense, belonging to nuclear phys- 
ics, but it is the chemist who analyzes 
the bombarded sample and gives the 
answers. It was by chemical tech- 
niques, for example, that the German 
physicists who bombarded uranium 
in 1938 found out that they had pro- 
duced barium — the clue that led to 
the discovery that uranium fission had 
occurred. 

On the other hand, when the object 
of study is the chemical properties of 
the elements produced by nuclear re- 
actions — such as plutonium or the 
rare earths — the chemist takes the 
lead, and the techniques of the physi- 
cist assist. Practical problems of uran- 
ium and plutonium chemistry, de- 
scribed briefly in a later chapter on 
the application of research findings to 
atomic energy operations, illustrate 
this phase of the partnership. 

Metallurgists draw upon the aid of 


physicists and chemists in the search 
for materials that fit the needs of 
atomic energy development, and also 
employ the new techniques of nuclear 
science in attacking the fundamental 
problems in their own field. 
Nuclear Processes 

An atom is so small that about a 
hundred billion billion of them are 
contained in the head of a pin. The 
nucleus — the object of study in nu- 
clear science — is some 10 thousand 
times smaller than the atom. If an 
atom were expanded to the size of a 
concert hall, its central nucleus would 
be smaller than a housefly. The nu- 
cleus constitutes nearly all of the mass 
of the atom and, consequently, the 
mass of all things. A piece of solid 
nuclear material the size of a child’s 
marble would weigh more than 200 
million tons. 

The most generally used method 
for finding out about atomic nuclei is 
to bombard atoms and observe what 
happens to them and to the bombard- 
ing particles. True, there are ways 
other than bombardment for studying 
the nucleus: measuring the electric 
charges and weights of nuclei and 
nuclear particles by projecting them 
through magnetic fields, or measuring 
the magnetism possessed by these par- 
ticles and determining their polariza- 
tion — that is, the way the individual 
axes of rotation of particles are tipped. 
But bombardment remains the work 
horse of nuclear investigation. The 
nature of bombardment experiments 
differs depending upon whether the 
projectiles used are charged particles 
or neutrons (which carry no charge). 
Bombardment Effects 

In bombardment, the hits, misses, 
and near-misses all supply informa- 
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> Tue Bevatron, now building at the University of California, is expected to 
accelerate protons to within one per cent of the speed of light. It will be the 
most powerful machine yet built for exploring atomic nuclei and the forces 


within them. 


tion about the structure of the nucleus 
and the forces within it. The thing 
that happens most frequently when a 
particle enters a target is that it goes 
right through. Even this result con- 
tributes to knowledge. The number 
of hits scored as compared to the num- 


ber of misses and near-misses permits 
calculations of how much of the vol- 
ume of the target material consists of 
atomic nuclei. 


Although hitting or missing a nu- 
cleus with an “incident particle” (a 
particle arriving from outside) is a 
matter of chance, such large numbers 
of particles and target atoms are in- 
volved that some hits are certain. 
Further, the projectile output is 
known, and there are ways of count- 
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ing those that miss the target and 
measuring the angle of flight of those 
that glance off. Thus, one can calcu- 
late with accuracy the size of the tar- 
get. When target atoms disintegrate 
under direct hits, something is learn- 
ed about what they were made of. 


The probabilities that certain ones 
of these various events will happen, 
with a given target and projectile, de- 
pend upon the so-called cross-sections. 
The “capture cross-section” of lithium 
7 for protons of 1 million electron 
volts (1 Mev) energy, is actually the 
apparent size of the lithium nucleus 
for this particular event. If lithium 7 
captured many protons, the physicist 
would say that it had a large capture 
cross-section for 1 Mev protons. The 





apparent size of nuclear cross-sections 
is stated in terms of a new unit of 
measurement called the barn. The 
barn is defined as an area of 104 
square centimeters, an area chosen be- 
cause it is of the order of magnitude 
of the area of many atomic nuclei. 
Thus if lithum 7 were said to have a 
capture cross-section of 2.5 barns for 
1 Mev protons, this would mean that 
the effective target each nucleus pre- 
sented for this particular event would 
be 2.5 x 10°°* square centimeters 

(0.000,000,000,000,000,000,000,002,5 
square centimeters). 
Charged Particles 

It is conceivable that if all the neces- 
sary observations and cross-section 
measurements could be performed, 
one might gain an understanding of 
what happens inside a simple nucleus 
— of the basic structure and the forces 
at work. An atom of gold containing 
197 nucleons, or one of uranium with 
238, is too complex to be examined 
in detail within the foreseeable future. 
But an atom of deuterium with just 2 
nucleons, or an atom of tritium with 
3, is a better object for close observa- 
tion. Common hydrogen, with but a 
single proton in its nucleus, makes an 
obvious target for bombardment and 
the detailed study of results. 
Proton-Proton Reactions 

At Berkeley Radiation Laboratory, 
birthplace of the high-energy particle 
accelerator, two machines are in use 
to study one of the simplest of all in- 
teractions, that of protons with pro- 
tons. The target bombarded is hydro- 
gen, sometimes as a pure gas, some- 
times in a solid substance such as 
parafin. The projectiles are 32 mil- 
lion electron volt (Mev) protons from 
the linear accelerator and 350 Mev 


protons from the 184-inch synchro- 
cyclotron, most powerful accelerator 
known today. As long as the velocity 
of the approaching proton is not too 
great, two protons repel each other in 
accordance with Coulomb’s law, 
which states that the repelling force 
between similarly charged particles in- 
creases as the inverse square of the 
distance between them. The repelling 
force between two protons close 
enough together to be in the same nu- 
cleus reaches the magnitude of 40 
pounds. 

When the incident protons are 
above a certain energy, however, some 
of them are able to approach the tar- 
get protons so closely that the little 
understood cohesive force of the nu- 
cleus comes into play and the protons 
no longer behave like simple electri- 
fied bodies. 

One object of the experiments is to 
measure the force that holds the nu- 
cleus together and to try to get a 
better mathematical description of it. 
A tentative report on progress con- 
cludes that “it is apparent that present 
theoretical concepts must be modified, 
and perhaps new concepts introduced, 
before a satisfactory mathematical de- 
scription of the proton — proton force 
will be at hand.” 

Hydrogen 3 and Helium 3 

Hydrogen 3 or “tritium,” the artifi- 
cial radioactive isotope of hydrogen 
(half-life about 12 years), has an un- 
stable nucleus which contains a proton 
and two neutrons. By the emission of 
a beta particle tritium decays into 
helium 3, an isotope of helium with 
two protons and one neutron, which 
occurs in natural helium in the pro- 
portion of about one part in a million 
When H 3 transforms itself into He 
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> ConcreETE SHIELDING blocks protect the people in the vicinity from the radia- 
tion produced in the cyclotron at University of California’s Radiation Labora- 
tory. 


3, the changes that occur in such 
characteristics as the magnetism and 
spin of the three nucleons can be 
measured. In addition, there is special 
interest in He 3 because it is the only 
known stable atomic nucleus that con- 
tains more protons than neutrons. For 
these reasons, and because of the rela- 
tive simplicity of the nuclei, physicists 
and chemists have sought to produce 
H 3 and He 3 for use in research. 
Argonne Laboratory announced in 
September 1948 that it can supply 
some quantities of both isotopes to 
scientists outside the atomic energy 


Fesruary 1950 


project, and both are now in use in 
studies of nuclear structure. 

Important information has been 
gained at Argonne, Los Alamos, and 
other AEC laboratories. Studies are 
being made of interactions between 
protons, deuterons, tritons, helium 3 
nuclei, and alpha particles (or, in 
other terms, nuclei of H 1, H 2, H 3, 
He 3, and He 4). 

Deuterons are bombarded with 
tritons, and tritons with deuterons, to 
study reactions in which these two 
particles first combine then split into 
an alpha particle and a neutron. As 





the energies of the bombarding par- 
ticles from a Cockcroft-Walton accel- 
erator increase toward 100 thousand 
electron volts (100 Kev) the proba- 
bility of the reactions occurring also 
increases (the triton’s cross-section for 
deuteron capture is higher). But when 
energies of the incident particles are 
raised still higher by using a Van de 
Graaff generator, the capture cross- 
section falls off sharply. 

Tritons and Protons 

In a series of experiments with 

Van de Graaff generator, tritium was 
bombarded with high-energy protons. 
The scattering of protons by tritons 
at various angles and energies was 
measured to derive data fundamental 
_ to the understanding of nuclear forces. 
At higher particle energies, the reac- 
tions in which the proton is captured 
by the triton were studied. In one of 
these reactions the resulting combina- 
tion became an “excited” alpha par- 
ticle which converted itself to the 


stable state by emitting radiant energy 
in the form of 20-Mev gamma rays. 

In a second reaction observed, the 
proton-and-triton combination split 
into a neutron and a nucleus of heli- 
um 3. This latter reaction was of in- 
terest because it proved reversible; 


that is, helium 3 bombarded with 
neutrons yielded protons and tritons. 
“It was possible here,” the report 
of the experiment states, “since good 
measurements existed on this reaction 
going in either direction, to verify a 
well known theorem of statistical me- 
chanics which relates the reaction 
probabilities of such a reversible sys- 
tem; this was the first time that an 
experimentally adequate check of the 
‘principle of detailed balance’ had 
been made for a nuclear reaction.” 


Mass of the Neutron 

These reactions permitted more ac- 
curate determination than ever before 
of the size of the mass difference be- 
tween the neutron and the proton, 
and consequently of the mass of th 
neutron itself. Results obtained 
other laboratories confirmed thes: 
findings-and did away with previous 
discrepancies. 
High-Energy Bombardment 

In the bombardment of light ele 
ments, the stream of particles, its 
energy closely controlled, is a deft im 
plement for studying simple nuclear 
structures. But there is a more heavy- 
handed approach to the bombardment 
of the nucleus — the way of the atom 
smashers. In the proton synchrotron 
(“Bevatron”) now being built at the 
Radiation Laboratory, Berkeley, the 
protons in their race around the 400- 
foot acceleration track will attain an 
energy of 6 billion electron volts 
(Bev). Each proton will travel 300 
thousand miles — farther than from 
the Earth to the Moon — in less than 
2 seconds, and will approach the tar- 
get at 184 thousand miles per second, 
99 per cent of the speed of light. With 
this machine, it may be possible ac- 
tually to create out of energy a heavy 
nuclear particle, say a proton. 
Cosmic Rays 

But even such a machine will 
equal the forces of nature. The most 
energetic bombarding particles that 
man has ever observed are in_ the 
cosmic rays that plunge into the Earth 
from space. Since the middle 1930s. 
much pioneering work in nucleat 
bombardment has been done with cos- 
mic rays. The difficulty is that they 
are diffuse and essentially uncontroll- 


able. 
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To work with cosmic rays, scientists 
take instruments to mountain tops, or 
send them up in balloons. By the 
latter means they are able to reach 
altitudes where the primary particles 
from outer space have not yet smashed 
their way through the atoms of the 
Earth’s atmosphere. These particles 
have the highest energies yet meas- 
ured. The Commission is financing a 
limited amount of this high-altitude 
research through arrangement with 
the Office of Naval Research. 


A second way of improving the 
chances of observing cosmic ray col- 
lisions is to leave the instruments in 
the laboratory but to enlarge and im- 
prove them. Brookhaven Laboratory 
is adopting this course. Among other 
new instruments, it is building a large 
cloud chamber which will compress 
target gases to 300 times the normal 
pressure of the atmosphere. 


Today's Machines 

However, the main line of develop- 
ment of high-energy bombardment 
research lies in the big machines that 
supply streams of particles of many 
varieties and of controlled energies. 
Late in 1946, the 184-inch synchro- 
cyclotron at Berkeley began to pro- 
duce deuterons at 200 Mev, and since 
then it has been used to produce 400- 
Mev alpha particles and 350-Mev pro- 
tons. These energies are greater by 
tenfold than any available before. Be- 
fore particles of these energies were 
available, such reactions as those 
brought about by a proton coming in- 
to a target nucleus and causing the 
ejection of one or two neutrons were 
almost the only basis of our knowl- 
edge of what happens when energy 
is pumped into a nucleus. With the 
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advent of the big machine, it became 
possible to see what would happen 
when energies tenfold greater were 
used. 

The phenomena observed in such 
high-energy encounters have proved 
to be most complex, and only the 
broad outlines have been worked out 
at the present time. It has been found 
that there is a wide variation in the 
amount of energy which different 
nuclei can accept and that there are 
many ways in which the highly ex- 
cited nuclei can lose their energy. 


High-Energy Fission 

One major effect from high-energy 
bombardment has been the fission of 
bismuth, lead, gold, and other ele- 
ments that cannot be split by less en- 
ergetic particles. 

Careful examination of the fission 
products provided by high-energy 
bombardment of bismuth, including 
the identification of about 50 isotopes 
and measurement of their yields, dis- 
closed that such products are quite 
different from those of the uranium 
fission process. In the slow-neutron 
fission of uranium and _ plutonium, 
the most frequently occurring mode 
of cleavage is asymmetric; that is, the 
nucleus splits into two fragments, one 
of which is considerably larger than 
the other. In fast-particle fission on 
the other hand, symmetrical cleavage 
is most often found. 


Neutrons in the Nucleus 

It has long been known that the 
more protons a nucleus contains, the 
more neutrons it must have, propor- 
tionately, for stability. If a nucleus 
contains relatively too few neutrons it 
will be radioactive, emitting a posi- 
tron when it decays; if it contains too 
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many neutrons it will again be radio- 
active, emitting this time a negative 
electron when it decays. Stable light 
elements are found to have equal 
numbers of protons and neutrons, but 
the heavier elements contain increas- 
ing proportions of neutrons to protons. 

Thus stable helium 4 has two pro- 
tons and two neutrons in the nucleus; 
halfway up the table of the elements 
a typical nucleus — a stable isotope 
of silver — has 47 protons and 60 neu- 
trons, a neutron-proton ratio of 1.28; 
and, at the top of the table, uranium 
235 has 92 protons and 143 neutrons, 
a neutron-proton ratio of 1.55. 

When a heavy element fissions into 
two lighter nuclei we might expect 
both products to have nearly the same 
neutron-proton ratio as the parent, 
and consequently to have far too many 
neutrons for stability. We might 
further expect that the products would 
be beta-radioactive, emitting electrons. 
The spilling out of a few surplus neu- 
trons at the instant of fission would 
not be surprising. But when we find 
a uranium 235 nucleus fissioning with 
slow neutrons in an unsymmetrical 
fashion, with one product nucleus con- 
siderably heavier than the other, and 
we further find that the two products 
are equally unstable, we know that a 
re-shuffling of nucleons has taken 
place. The lighter product has a small- 
er excess of neutrons than does the 
heavier. 

But in the fast-particle fission of 
bismuth at Berkeley, whenever the 
two fission products are of unequal 
size, the light fragment has relatively 
too many neutrons for stability, and 
the heavy fragment too few, as though 
the nucleus had been cut with a knife 
before any neutrons and protons could 
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redistribute themselves. It appears 
then that high-energy-induced fission 
takes place much more rapidly than 
low-energy fission. 

Another way in which fission in 
duced by high-energy particles differs 
from low-energy fission is that in the 
first case neutrons are “boiled off” by 
the nucleus when it splits. At Berke- 
ley this was found to be just as true 
for uranium as it was for bismuth 
and other lighter elements; the energy 
of the incident particle seemed to be 
the deciding factor. 

Results of these experiments with 
high-energy fission are a mine of in 
formation for the theoretical physi- 
cists and mathematicians who at- 
tempt to understand how the nucleus 
is put together and how its energies 
can be released and controlled. An 
incidental but important benefit has 
been the production of some 150 varie- 
ties of neutron-deficient isotopes of 
the common elements, which are of 
great interest and utility to research 
workers in other laboratories. 
Spallation 

Fission is not the only type of break- 
up of atomic nuclei subjected to bom- 
bardment by million-electron-volt par- 
ticles. All sizes of pieces may be 
chipped off them, and the term “spal- 
lation” is applied to this chipping pro- 
cess. Spallation reactions in a target 
struck by 350-Mev protons may pro- 
duce as many as 100 different products 
(some of which, of course, are the re- 
sult of high-energy fission). After 
uranium has thus been bombarded, 
nearly every one of the known ele- 
ments may be found in the target. 

On occasion, the Berkeley workers 
have found among their bombard- 
ment products elements three places 
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higher in the atomic scale than the 
element being bombarded. They have 
been able to explain this phenomenon 
only by assuming that a three-proton 
chip — in other words, the proton 
part of a lithium atom — has been 
knocked off one target nucleus and 
immediately taken into another target 
nucleus. 


Spallation, like fission, has pro- 
duced substances never before known, 
many of which are of great value to 
research. It is not yet known just how 
the reaction occurs or what its entire 
significance or use may be. It is a new 
fact, and most facts of this type soon- 
er or later have found application. 









Nuclear Reactors 


> Nuc.ear REACTORS are machines for 
putting nuclear energy to work under 
controlled conditions. In contrast, an 
atomic bomb explosion is instantane- 
ous, an uncontrolled nuclear reaction. 
Under controlled conditions, the 
amount of nuclear fuel that is de- 
stroyed in a small fraction of a second 
by an explosion may be utilized for 
months and perhaps even years to give 
off useful energy. 


Reactors vary enormously according 
to the purpose for which they are in- 
tended. Some may operate at tempera- 
tures below the boiling point of water; 
others may generate heat which must 






be carried off or put to work by the 
use of molten metals as coolants. A 
reactor, using high energy neutrons to 
cause fission—a so-called “fast” reactor 
—might fit into a good-sized studio 
living room. A reactor such as those 
at Hanford, using slow neutrons mod- 
erated from their high initial energies 
by graphite, may be as high as a five- 
story building. A reactor to generate 
useful power will be designed primari- 
ly for high temperatures; a reactor to 
breed fissionable material will have as 
its primary design feature the utmost 
conservation and utilization of the neu- 
trons it produces and may also be de- 
signed for generation of useful power. 


On the Back Cover 


> Tue wire of a meson begins when 
@ neutron, which leaves no trail on 
the photographic plate, hits an atom 
in the emulsion, giving rise to three 
charged particles. This nuclear event 
is shown at the bottom of the Z- 
shaped figure on the back cover of 
this month’s Cuemistry. The picture 
is from the University of California 
and resulted from work with protons 
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accelerated in the 184-inch cyclotron 
in the university's Radiation Labora- 
tory. The meson’s trail runs through 
the pack of photographic plates, ex- 
tending upward as shown, until it 
meets another emulsion atom and 
gives up its energy by knocking out 
of it a heavy particle; interpreted as 
an alpha, a helium heart. 


Two Particles, Pi and Mu, 
Lighter Than the Proton 


Trapping the Meson 


> Nucvear Researcu is aimed at an- 
swering the central problem of nu- 
clear structure — the question of what 
holds the nucleus together. What is 
the cohesive force that overcomes the 
tremendous disruptive force — the 
disruptive force that attains the mag- 
nitude of 40 pounds where only two 
protons are involved? The high-en- 
ergy particle accelerators are trained 
directly on this problem. Two years 
ago one of them achieved a major 


break-through by producing the 
meson. 


One working theory is that nuclear 
cohesion may be brought about by 
an “exchange force” operating be- 
tween nucleons. There is an analogy 
in chemistry, where an exchange force 
apparently explains the stability of 
certain molecules. The simplest type 
of chemical molecule that illustrates 
this phenomenon is the so-called “hy- 
drogen molecule ion” consisting of 
two protons separated by a short dis- 
tance and sharing a single electron 
between them. The positive electrical 
charges of the two protons would 
force them to fly apart if the exchange 
of this electron back and forth from 
one to the other did not result in a 


net binding force holding them to- 
gether. 


The Meson Theory 


In 1935, a Japanese physicist postu- 
lated the existence of a particle to per- 
form a similar binding function in the 
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nucleus. He named it the meson be- 
cause he supposed its mass to be inter- 
mediate between that of the electron 
and a nucleon. In this theory, a neu- 
tron is composed of a proton plus this 
negatively charged meson. A neutron 
and proton in close proximity to one 
another are attracted and held to- 
gether by the rapid exchange of the 
meson between them. The analogy 
between nuclear binding and that in 
the hydrogen molecule ion is a very 
rough one, but physicists immediately 
began seeking for mesons both in 
cosmic rays and in the radiation near 
artificial accelerators and soon found 
in cosmic rays something very like the 
particle postulated. Cosmic ray re- 
search accumulated a great deal of 
information about mesons during the 
following 13 years and was climaxed 
in 1947 by a series of brilliant re- 
searches in England that established 
the existence of mesons of two differ- 
ent masses — named pi and mu 
mesons — through studies of specially 
prepared photographic plates exposed 
at high altitudes. 


During all this time, of course, 
workers with the more powerful par- 
ticle accelerators were looking for 
evidences of mesons around the tar- 
gets they bombarded, since laboratory 
production under controlled condi- 
tions would make the gathering of in- 
formation incomparably easier. Suc- 
cess came at last in early 1948, when 
it was demonstrated that the 184-inch 
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Berkeley machine was hurling par- 
ticles fast enough to make mesons. 


Trapping the Meson 

When protons and alpha particles 
in the cyclotron spiral outward around 
its track and finally strike the target 
with an energy close to 350 Mev, a 
large number of processes occur. The 
bombarding particles are scattered 
with a great variety of energies in all 
directions. Also spraying out are the 
“secondary” protons, deuterons, alpha 
particles, and heavier nuclei produced 
by the reactions in the target. A great 
deal of intricate work went into the 
task of trapping the tiny and short- 
lived meson and proving that it ex- 
isted. The device to trap mesons, as 
it is now used, consists of a block of 
copper in which there has been a cut 
a channel l-inch wide and in the 
shape of a half-circle of 4-inch radius. 
Long experience and close calculation 
have made it possible for the experi- 
menters to be sure that the negative 
meson is the only particle with the 
mass and charge required to make it 
follow the curve of this hollowed-out 
track under the influence of the 
powerful magnetic field. Against the 
exit end of the channel in the block, 
they place special photographic plates, 
stacked edgewise, so that particles 
emerging will make tiny microscopic 
tracks in the photographic emulsion 
and some will actually stop there. In 
this way the tracks of mesons are re- 
corded. 
Mass of the Mesons 

One of the first things to be dis- 
covered about the meson, thus located, 
is its mass. British cosmic-ray experi- 
menters earlier had worked out the 
necessary relationships between the 
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mass, the energy, and the lengths of 
the track in the emulsion, and had 
thought that the mass of the heavier, 
or pi meson, was between 300 and 400 
times that of an electron. Using ma- 
chine-produced mesons under far 
easier conditions, the experiments at 
Berkeley have refined this figure to 
a narrow range between 270 and 282 
electron masses. The first thing to be 
noticed about this result is that it 
does not agree at all closely with the 
original postulation of the man who 
predicted mesons: that the particle 
should account for the weight differ- 
ence between a proton and neutron. 
This situation recurs frequently: the- 
ory predicts facts and lights the way 
for new experimentation; experiment, 
in its turn, finds fact and often shows 
that the predictions were partly right 
and partly wrong; theory then is re- 
constituted on the basis of known fact 
to make new predictions and lead to 
further experiments. 
Two Kinds of Mesons 

The British high-altitude observers 
had found that only one variety of 
meson, the heavier ps meson, was 
directly produced by bombardment 
and that the lighter mw meson was 
a product of pi-meson decay. Experi- 
ments at Berkeley and Brookhaven 
have confirmed this fact and given 
more precise measurements of the 
reactions involved. The life-span of 
the average pi meson is of the order 
of magnitude of a hundred millionth 
of a second, after which it becomes 
a mu meson with a mass about 200 
times that of the electron. This in 
turn decays (after about 2 millionths 
of a second) into an electron and one 
or more unknown neutral particles. 
Brookhaven experiments, with bom- 
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barding particles from cosmic rays, 
employ systems of Geiger-type count- 
ers separated by various shielding ma- 
terials and controlled by electronic 
circuits, which can distinguish be- 
tween different kinds of mesons and 
reveal many other facts about them. 
The new Brookhaven cloud chamber, 
when in operation, will further in- 
crease ability to observe mesons. 

The new proton synchrotrons at 
Brookhaven and Berkeley (the “Cos- 
motron” and the “Bevatron”) will 
provide bombarding particles in the 
billion-electron-volt energy range. 
Work to date with the existing ma- 
chines of lesser energies has advanced 
understanding of mesons from a very 
preliminary realization that two types 
existed to the point of accurate state- 
ment of their masses, charges, decay 
schemes, life spans, production cross 
sections, and perhaps a somewhat 
more adequate conception of their role 
in nuclear forces than existed a decade 
ago. The picture is far from complete. 
Knowledge is scanty concerning nu- 
clear scattering of mesons and the 
probability of their capture by nuclei 
before they come to rest. Again, there 
is the possibility that there may exist 
particles of mass intermediate between 
the pi meson and the proton. A few 
events recorded in the plates exposed 
to cosmic rays indicate that this may 
be so. 


Gamma Rays from Mesons? 
Observers at particle accelators study 
the energy radiations, as well as the 
particles, emitted from targets under 
high-energy bombardment. At Berke- 


ley, for example, the gamma radia- 
tion coming out of a block of carbon 
bombarded by protons has been meas- 
ured through the range of energies 
from zero to 345 Mev. 


Charged particles hurtling into a 
material target lose velocity because 
of the “friction” or “drag” exerted 
upon them by the atomic forces 
around the nuclei. The energy that 
they thus lose is given off as radiation. 
This is the way common X-rays are 
produced when fast-moving electrons 
strike the target provided in the ma- 
chine. 


The gamma radiation produced in 
the Berkeley experiment behaved ac- 
cording to the known laws for X-rays 
until the bombardment-energy reach- 
ed about 180 Mev. More low-energy 
gamma rays were produced than high- 
energy ones. As the observers con- 
tinued to increase the bombardment 
energy, however, they met with a sur- 
prise. They found that an unexpected 
number of gamma rays of high energy 
were produced. By the time the bom- 
bardment energy reached 340 Mev, 
100 times more high-energy gamma 
rays were found than the X-ray laws 
predicted. To date, the most probable 
explanation of the phenomenon pic- 
tures the high-energy protons as 
knocking mesons out of the target 
carbon and those mesons then decay- 
ing with production of gamma rays. 
If this hypothesis can be substantiated, 
it will tie this new observation neatly 
into man’s present knowledge about 
the nucleus. 


The amount of synthetic rubber manufactured in postwar days, 
and the methods by which made, will determine in part the future 
of the industrial alcohol industry. 
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Neutron Energies Measured 
To Learn Atom Behavior 


Neutron News 


> THe NEUTRON is the particle most 
effective in penetrating the nucleus; 
having no charge, it is not repelled 
by the electrical fields that surround 
it. Only nuclei of a particularly stable 
number and arrangement of the nu- 
clear components can keep the neu- 
tron out. Many nuclei are not stable, 
and wandering neutrons are continu- 
ally causing disruptions and transmu- 
tations among the natural elements. 

The effects of neutrons of all ener- 
gies upon atoms and materials must 
be known for atomic development, be- 
cause, unlike the protons, deuterons, 
and other charged particles, neutrons 
can have violent effects at low ener- 
gies. It is a “thermal” or “drifting” 
neutron that most readily splits uran- 
ium 235 and plutonium atoms and 
releases atomic energy. One of the 
greatest problems of the nuclear scien- 
tists is to produce neutrons of various 
measured energies so that they may 
make experiments and learn more 
about the way the neutrons behave, 
and their effects upon materials. 


Sources of the Neutron 

a) Being electrically neutral, it cannot 
be slowed down or speeded up by 
electrical and magnetic fields. The 
only way to change its motion is 
through collisions. 

b) For the same reason, it can only 
be contained or stopped in its move- 
ments by thick barriers or, for lower 
speeds, by relatively small thicknesses 
of certain elements, such as cadmium 
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and boron, which capture it readily. 
c) It is evanescent, with a half-life of 
30 minutes or less. 

Broadly speaking, there are two 
ways to produce neutrons: (a) knock- 
ing them out of nuclei by bombard- 
ment, as in a radium-beryllium source, 
and (4) producing them by nuclear 
fission in a reactor. 


Neutrons from Bombardment 
The first neutrons observed in the 
laboratory were produced when the 
alpha particles emitted by radium 
were allowed to strike a target of 
beryllium, causing the beryllium atoms 
to emit the neutral particles. The 
radium-beryllium source, still used to- 
day, gives neutrons with a variety of 
energies, ranging up to about 5 Mev 
and averaging between 2 and 3 Mev 
(a neutron with 1 Mev energy travels 
at a speed of about 30,000 miles a 
second — something like one-sixth 
the speed of light). To get neutrons 
of other energies, a large number of 
techniques have been developed. Ex- 
perimenters in AEC laboratories have, 
among other things— 
a) Used a Van de Graaff generator 
to bombard deuterium with tritium. 
The reaction between the “tritons” 
and the “deuterons” produces alpha 
particles and neutrons with energies 
ranging between 13 and 19 Mev. 
Counting the postively charged alphas 
gives a measure of the number of the 
neutrons being produced. 


6) Bombarded tritons with protons, 
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> Neutron cHoppEr at Argonne National Laboratory breaks up a beam o 


neutrons by mechanical interruptions so that the velocities of the successive 
bursts can be measured. 
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again using the Van de Graaff, get- 
ting a reaction that produces neutrons 
between 50 thousand electron volts 
(0.05 Mev) and 1.7 Mev. 

c) Used a cyclotron to bombard deu- 
terons with deuterons, thus getting 
some of the desired neutron energies 
between 6 and 13 Mev. 

d) Bombarded tritons with deuterons, 
again with the cyclotron, this time 
getting neutrons of 28 Mev. 

An advantage of the Van de Graaff 
generator over other types of accelera- 
tors for this type of work is that it 
allows close regulation of the energy 
of the particle striking the target. In 
some energy ranges this means that 
the energies of the neutrons knocked 
out of the target can be controlled, 
and one can sometimes take advan- 
tage of the fact that these neutrons 
emerge in different states of energy 
depending upon the direction of their 
flight — whether it is in the same di- 
rection as the particle beam from the 
Van de Graaff,-or at right angles to 
it, or in a backward direction. This 
technique is most successful in getting 
neutrons of around | Mev. 

The Chain Reaction 

These key facts involving the neu- 

tron brought about the development 
of atomic energy: 
First, it was discovered that a “thermal 
neutron” (a neutron with energy the 
same as that of the atoms surround- 
ing it) would split the nucleus of the 
uranium 235 atom, and release energy. 
Second, it was deduced on theoretical 
grounds that the uranium nucleus, 
when split, would eject two or three 
neutrons, and thus perhaps fission 
other atoms of uranium. The possi- 
bility of the chain reaction was plain 
to see. 
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In a sufficiently large block of pure 
fissionable material, if each fissioning 
uranium atom were to emit just 2 
neutrons, and each of these caused an- 
other atom to fission, then the nuclear 
chain reaction would grow with a 
“multiplication factor of 2.” In other 
words, the original fission would 
cause 2 more fissions; these 2 would 
cause 4; and the successive generations 
would run: 8, 16, 32, 64, 128, etc. 
The tenth generation would have 
1024 fissions, the twentieth more than 
a million, the thirtieth more than a 
billion. In 90 generations, a billion, 
billion, billion atoms will have fission- 
ed. Each one of these generations 
would require about one-millionth of 
a second and 90 generations less than 
one ten-thousandth of a second. 


‘In reactors the multiplication of 
neutrons is controlled; the over-all 
power generated can be held constant. 
Some of the excess neutrons are swal- 
lowed up in control rods containing 
boron or some other neutron-absorb- 
ing material. Other neutrons are put 
to use — at Hanford for manufactur- 
ing plutonium; at Oak Ridge for pro- 
ducing radioactive isotopes; and at 
Oak Ridge, Los Alamos, and Argonne, 
for research work requiring large 
quantities of neutrons. 


At all of these places, as a general 


rule, materials are “irradiated” inside 
reactors to determine neutron effects. 
But the neutrons inside most reactors 
have a wide range of energies. Fre- 
quently, research and development 
workers in atomic energy need to 
know the effects of neutrons of select- 
ed energies. 
Sorting Neutrons 

The Argonne “neutron chopper” 
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illustrates some of the problems faced 
by the research workers who need to 
sort monoenergetic (neutrons of the 
same energy) out of the mixed lot 
that streams from an opening in the 
concrete shielding of a reactor. The 
first rotating disc chops the beam into 
separate bursts of neutrons. It is a 
strange “disc.” To stop the very pene- 
trating neutrons, it is 16 inches thick 
and of high-strength steel. It is 4 
inches in diameter, driven at 40,000 
revolutions per minute by a 3-horse- 
power motor, and pierced by six slits. 


Each of the separate bursts, as it 
travels toward the second revolving 
disc, stretches out as the neutrons of 
highest energy take the lead and the 
others, with their various slower 
speeds, lag behind. Consequently, the 
second disc can be timed to chop from 
the extended burst only the fastest 
neutrons, or any other segment that is 
desired. Possible selections at the Ar- 
gonne reactor lie between 0.03 and 
1,000 electron volts. 

The neutron chopper is only one of 
a varied class of instruments known 
by their function as “velocity spectro- 
meters.” Another such instrument de- 
veloped at Argonne also using the 
“time-of-flight” principle has just one 
rotating disc, to chop the beam into 
bursts, and beyond that a system of 
intricately wired detectors that can 
time the arrival of neutrons of vary- 
ing speeds. Brookhaven Laboratory is 
working on a modified version of the 
neutron chopper. 


There are several other principles 
used to sort monoenergetic neutrons 
from the wide spectrum of available 
energies. Certain crystals when placed 
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in a reactor beam will reflect neutrons 
of different energies at different angles 
and spread them out in orderly 
fashion, in somewhat the way a prism 
spreads out the visible spectrum of 
light. 

Argonne Laboratory, which has a 
special interest in the behavior of fast 
neutrons because it has been develop- 
ing the design of a fast neutron re- 
actor, has used many ingenious ways 
of sorting out high-energy neutrons. 
Samples to be tested under bombard- 
ment have been wrapped in cadmium 
of a thickness calculated to let only 
the fast neutrons through and capture 
all the rest. Also, a piece of uranium 
235 has been placed in the neutron 
beam issuing from the reactor so that 
fission would occur within it and pro- 
duce fast neutrons. 


Polarizing Neutrons 


The energy of a neutron is not the 
only characteristic it possesses that 
affects its interaction with target ma- 
terial; its “polarization” — or the way 
its axis is tipped, so to speak — can 
sometimes be important. Neutrons 
and other nuclear particles are like 
the Earth in that they spin and possess 
magnetism, and consequently have 
“north and south poles.” Modern 
physicists have found means of ascer- 
taining which way these poles are 
tipped. Such problems as determina- 
tion of the magnetic properties of 
various types of steel can be solved 
more easily if the angle at which a 
neutron pole is tilted after bouncing 
off the crystals in a sample of target 
material can be discovered. But the 
neutrons in an ordinary beam are 
tilted at random, in all directions; and 
thus there can be no coherent informa- 
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> PoLaRizED NEUTRONS get that way by reflection from a polished and mag- 


netized cobalt mirror, like the one at 


Argonne National Laboratory shown 


here. Each neutron is like a tiny model of the earth, in that it spins and 


possesses magnetism and has ‘ 


‘north and south poles,” yet the particle is so 


small that it would have to be magnified a hundred million times to become 


visible. 


tion obtained by observing their posi- 
tions following the collision. What is 
needed is a polarized beam, in which 
the neutron axes are all tilted the same 
way. 

Argonne Laboratory has achieved 
such a polarized beam. Neutrons, like 
light, will bounce off a properly pre- 
pared surface if the angle at which 
they strike is far enough from the ver- 
tical. The Argonne experimenters pre- 
pared a polished and magnetized 
cobalt mirror which would reflect 
some of the neutrons, When a beam 
from a reactor strikes this plate at a 
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slight angle (close to parallel), the 
neutrons reflected all have the same 
“tilt,” and the result is a reflected 
beam that is 100 per cent polarized. 


Neutron Detectors 

An ordinary Geiger counter will 
not react to neutrons, but if its tube 
is filled with the right kind of gas — 
boron trifluoride is one — the instru- 
ment will register the presence of neu- 
trons, since as the neutrons enter 
atoms of the gas, the latter give off 
charged particles — ionizing radiation 
— that can be counted. 
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One of the difficulties experienced 
with this type of detector is that the 
quantities of ionizing radiation pro- 
duced by a given number of neutrons 
are not the same at various neutron 
energies. The instruments are able to 
detect neutrons of a single energy 
more accurately than when energies 
are mixed. A comprehensive study of 
the detection and measurement of 
neutrons is under way at the Com- 
mission’s Mound Laboratory, Miamis- 
burg, Ohio, where the object is to de- 
velop new counting methods that will 
be both rapid and accurate. 


All told, much time and ingenuity 
have been expended on instruments 
and techniques that will give quanti- 
tative answers — that will actually 
count — because the nuclear sciences 
are based upon numbers. When an 
investigator trains a beam of particles 
upon a specimen to be tested, he needs 
to know how many were absorbed 
and how many got through. 


Absorption of Neutrons 


Nearly all of the instruments built 
to answer this question depend upon 
counting the number of atoms struck 
and made radioactive by the neutrons. 
However, a technique developed at 
Oak Ridge and Argonne is entirely 
different in principle. The problem to 
be solved was to find out how many 
neutrons were being absorbed by a 
specimen of material placed in a re- 
actor. It was found that this question 
could be answered quantitatively if 
the specimen were oscillated regularly 
in and out of the neutron field inside 
the reactor. This procedure affected 
the level of operation of the entire re- 
actor. From the magnitude of this 
effect it was possible to compute how 
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many neutrons the specimen had ab- 
sorbed. Measurements of neutron ab- 
sorption have been made on more 
than 70 different elements by this tech- 
nique. 
Parallel Plate Counter 
Investigators also need to be able to 
measure accurately the angles of flight 
of neutrons when they are deflected 
from their course by target materials. 
Brookhaven has devised a “parallel 
plate counter” to answer this need. 
The neutrons, having passed beyond 
the target, enter the space between 
two plates, one of which is of glass. 
They strike the other plate which has 
been coated with the rare metal in- 
dium. The indium emits beta particles 
for some time after being struck, pro- 
ducing tiny visible “sparks” which can 
be photographed. The result is a pic- 
ture showing where the neutrons 
struck. From this, the angles of their 
flight are calculated. 


Neutron Cross Sections 

A variety of neutron energies is 
needed in the measurement of neutron 
cross sections: that is, the measure- 
ment of the probabilities that neutrons 
of any specific energy moving into any 
particular material will pass through 
unhindered, or be deviated from their 
course, or be bounced about, or be 
absorbed — and if the last, which one 
of the many possible resulting nuclear 
reactions will ensue. 

To cover this field of investigation 
completely would require the measure- 
ment and tabulation of these various 
cross sections for every isotope of every 
element at every possible neutron 
velocity from the slowest to the fastest. 
The investigations actually being 
carried out concern themselves with 
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> NEUTRON BEAM emerging from the Oak Ridge reactor at the left passes 
through the horizontal vacuum tank where decaying neutrons are measured 


by electron- and proton-counters. 


trons are absorbed in a heavy boron “ 


the isotopes and the neutron velocities 
of most immediate practical interest 
in atomic energy development. The 
program again further divides itself 
in accordance with the different facili- 
ties available at the different labora- 
tories. Uranium reactors are a tre- 
mendous source of slow neutrons, and 
programs for measuring slow neutron 
cross sections are under way at Oak 
Ridge and at Argonne. Measurements 
involving fast neutrons, on the other 
hand, are carried on where there are 
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After leaving the tank the remaining neu- 
beam catcher” 


ten feet away. 


powerful particle accelerators, as at 
Berkeley and Columbia University. 
Even when reduced to its essentials, 
the program for the determination of 
neutron cross sections engages a sub- 
stantial part of the available man- 
power at every large AEC laboratory 
and accounts for a sizable share of the 
Nation’s budget for atomic energy re- 
search and development. Typically in 
the past, the kind of background re- 
search involved here — the painstak- 
ing collection and tabulation of related 
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measurements that are finally printed 
in the handbooks of the engineers — 
was the work of many decades. To- 
day, it is being done systematically 
and rapidly. It is speeded by: (1) the 
development of better experimental 
techniques, (2) the advancement of 
nuclear theory, and (3) the promotion 
of basic research. .. . 


Neutron-Proton Reactions 


The reactions of neutrons with 
single protons are under study in a 
number of laboratories, including Ar- 
gonne, Brookhaven, Oak Ridge, 
Berkeley, and Columbia University. 
At Berkeley, where very high energies 
are used, one of the results obtained 
has given further support to the meson 
theory of nuclear cohesion. It is ob- 


served that when the incident neu- 


trons have a mean energy of 90 Mev, 
one feature of the neutron-proton col- 
lision is the frequent exchange of 


identity between the two particles. 
The particle which approached as a 
neutron leaves the scene of the col- 
lision as a proton, and the proton, 
which was a hydrogen nucleus in the 
target, recoils from the collision as a 
neutron. In effect, the two particles 
appear to be performing, upon col- 
lision, the ‘‘exchange’’ which the 
meson theory postulates as occurring 
within the tightly-packed confines of 
the atomic nucleus. 

The forces between a neutron and 
a proton when locked together in the 
nucleus are most easily studied in 
deuterium (H 2) which contains one 
of each. Precise calculations concern- 
ing such a “two-body problem” are 
possible. In preparation for such com- 
putations, Columbia physicists have 
measured with a new accuracy the 
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cross section of a proton for a low- 
energy neutron, and are now engaged 
in a second preparatory experiment. 

Combined work at Brookhaven and 
Argonne has recently permitted an 
experiment — the measurement of the 
angle of reflection of incident neutrons 
from a “hydrogen mirror” — which 
has provided data for a new calcula- 
tion of the limit of distance within 
which these elementary particles act 
upon each other. The figure obtained 
is about one ten thousand billionth 
of a centimeter. 


Scattering of Neutrons 

Neutrons that pass within this dis- 
tance of atomic nuclei are either ab- 
sorbed by them or deflected more or 
less from their original paths. This 
scattering gives useful information 
about nuclear dimensions, magnetism, 
spin, and other characteristics. At 
Berkeley, extensive measurements have 
been made of the scattering cross sec- 
tions of nuclei for neutrons of energies 
ranging from 40 Mev to 90 Mev. It 
appears that as energies increase nuclei 
of low atomic number display an in- 
creasing ‘“‘transparency,’’ allowing 
some of the neutrons to pass com- 
pletely through the nucleus. This 
phenomenon is still under investiga- 
tion. 


Neutron Diffraction 

When a beam of slow neutrons 
strikes a crystal, the neutrons are scat- 
tered in certain preferred directions 
determined by the original angle of 
the neutron beam with respect to the 
crystal and by the arrangement of the 
atoms or molecules which compose 
the crystal. The pattern thus formed is 
characteristic of the structure of a 
given crystal. 
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Diffraction of X-rays and electrons 
has been used similarly for many years 
to study the structure of materials. 
But X-rays and electrons do not satis- 
factorily show the presence of lighter 
elements in the diffraction patterns 
that they form. Neutrons, on the other 
hand, do this very well. 


Oak Ridge Laboratory, because its 
nuclear reactor provides a plentiful 
source of slow neutrons, has developed 
an extensive program for the investi- 
gation of crystal structure through 
neutron diffraction. The technique has 
been found equally applicable to the 
problems of the nuclear physicist, the 
chemist (including the organic chem- 
ist), and the metallurgist. Neutron 
diffraction has been applied to the 
location of the hydrogen atoms in ice 
crystals and in the crystals of some of 
the heavy metal hydrides. It can also 
be applied to the location of relatively 
light atoms like oxygen in oxides of 
heavy metals. The gold-copper alloy 
system has also been extensively in- 
vestigated. 


Life of the Neutron 

About 15 years ago, when it was 
found that neutrons are a little heavier 
than protons, it was suggested that 
they should in fact be unstable and 
should “decay” spontaneously into 
protons. This process would involve 
the neutron emitting a beta particle 
(an electron). Upon ejecting the nega- 
tively charged electron, the neutron 
would become a particle of somewhat 
smaller mass which carried a positive 
charge, that is to say, a proton. From 
theoretical considerations, the half-life 
was predicted to be approximately a 
half hour. Present predictions are that 
it should be somewhat shorter. 
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Neutrons are so hard to handle that 
their radioactive decay has not been 
observed in the laboratory. However, 
at Oak Ridge evidence of neutron de- 
cay is now being sought in an ap- 
paratus which registers coincidences, 
as recorded by the simultaneous opera- 
tion of two counters, between the 
emitted beta particles and the result- 
ant protons. 

In this experimental arrangement, 
when a neutron decays the emitted 
beta particle is registe ‘red at once on a 
proportional counter; the proton 
which remains, being positively 
charged, is accelerated by an electric 
field and after a time of flight of about 
one-millionth of a second it registers 
upon a second counter. Thus for both 
counts to be registered at the same 


‘instant it is necessary to delay the 


operation of the first counter by one- 
millionth of a second. By this means, 
the time required to accelerate the 
proton is used to identify it; a lighter 
particle than a proton would arrive 
at the secondary counter too soon to 
actuate it simultaneously with the 
first, and a heavier particle would ar- 
rive too late. 


Results thus far of this experiment 
have been encouraging. Coincidences 
have been observed which seem to 
depend upon the presence of neutrons. 
Further work must be done, however, 
to make sure of the trustworthiness of 
the results and to deduce a fairly ac- 
curate value for the half-life of the 
neutron. 


Mesons and Neutrons 

At Columbia University, experi- 
ments are being conducted to show 
whether a neutron is a positive proton 
with a negative meson attached to it. 
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> ScinTILLATION SpEcTROMETER at Oak Ridge National Laboratory both 


counts and measures the energies of particles by means of the flashes of light 
that they cause in certain kinds of crystals. 
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Artificial Alpha Emitters 
Reveal Atomic Structure 


Excited Nuclei 


> Atomic nuccet that have captured 
neutrons, or that have been disrupted 
by high-energy charged particles, con- 
tain excess energy and are said to be 
in excited states. Some rid themselves 
of their excess energy almost im- 
mediately by emitting energetic radia- 
tion in the form of gamma rays; 
others remain in the unstable condi- 
tion for widely varying periods of 
time and emit various combinations 
of beta or alpha particles and gamma 
rays when they decay into more stable 
states. These latter are the artificial 
radioactive isotopés that have become 
sO important as sources of radiation 
for doing useful work in science, 
medicine, agriculture, and industry. 

One of the most fruitful of all the 
sources of information about the nu- 
cleus is the observation of its behavior 
when in the excited state. Some of the 
kinds of facts obtained may be illus- 
trated by studies under way at Berke- 
ley of the nuclei that emit alpha par- 
ticles. 
Alpha-Radioactivity 

A decade ago only 24 nuclear species 
were known that emitted alpha _par- 
ticles in their decay, and these were 
all among nature’s radioactive fami- 
lies, starting from uranium, actinium, 
and thorium (radium being the most 
active and best-known member ). Since 
that time, some four or five other 
natural species have been found. To- 
day, however, there are more than 100 
alpha-emitters, most of them man- 


Fesruary 1950 


made — some by neutron irradiation 
in reactors, the majority by accelerator 
bombardment of heavy nuclei with 
high-energy charged particles. 


The information obtained at Berke- 
ley through alpha-radioactivity, chiefly 
about the heavy elements, is varied 
and useful: 


a) The manner in which a nucleus 
emits alpha particles is related to the 
energy that it contains. By measuring 
the energies cf emitted alphas, research 


_workers are able to discover the rela- 


tive energy content of the radioactive 
nuclei above lead and bismuth in the 
periodic table — and thus to arrange 
the successive members of these fami- 
lies on energy-content basis. Having 
done this, they find certain hills and 
valleys in energy-content trends, which 
give a picture of the relative stability 
or instability of the structures of the 
interrelated nuclei. Mapping out these 
regions, they are able to predict the 
radioactive behavior and properties of 
isotopes for which they may be search- 
ing and also of istopes that will be 
formed in nuclear reactors not yet 
constructed. The reactor designer is 
vitally interested in this information. 
6) The manner in which a nucleus 
emits alphas is related to its structure. 
For heavy nuclei that contain even 
numbers of both protons and neutrons, 
the theory expressing this relationship 


is well substantiated and has been 


(Please turn to page twenty-six) 
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The Particles of the Nucleus 


> Scientists who study the nuclei of atoms speak in terms of the following 
entities they are able to detect and measure: 


Proton 


The nucleus of a hydrogen atom is called a proton. This particle has 
a positive electric charge equal numerically to the negative electric 
charge of the electron and is so small that it takes 2.72 X 10°® to make 
a pound. The nuclei of atoms of other substances contain a number 
of protons equal to the atomic number of the element. 


Neutron 
The nuclear particles which have no electrical charge are called 
neutrons. They weigh approximately the same as protons. 

Nucleon 
The word “nucleon” means either a proton or a neutron. 

Beta Particle 


One of the radiations found shooting out of certain radioactive ma- 
terials, named the beta particle, appears to be the same kind of elec- 
tron that is found in the outer structure of all atoms. It has a unit 
negative charge equal and opposite to the positive charge of the 
proton and is nearly weightless, having less than 1/1800th the mass 
of a proton. 

Positron 


Like the electron, the positron has a unit charge of electricity but is 
positive instead of negative; i. e., it has the same charge as the proton. 
It is evanescent, dissipating itself in a flash of radiation as soon as it 
encounters an electron, which disappears with it. 

Meson 


Predicted from theory as a particle necessary to explain the forces of 

nuclear structure, the meson was observed for the first time in 1936 in 

the violent nuclear shattering caused by high-energy cosmic rays in 

the upper atmosphere. Several varieties exist, both positive and nega- 

tive, their mass averaging about one-sixth that of the proton. 
Neutrino 


A nearly weightless particle, without charge. Like the neutron, the 
neutrino was predicted on theoretical grounds; but it has not yet been 
observed, as the neutron had not been observed before 1932 and the 
meson before 1936. 

Gamma Rays 


These are not particles in the same sense as those above, but flashes of 
electromagnetic radiation emitted by the nucleus when it has excess 
energy. These flashes are often called photons. 
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> Man IN A CAVE, radiochemistry style. At the Argonne National Laboratory 
chemists use this kind of a cave for protection against gamma radiation. 
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(Continued jrom page twenty-three) 


used to calculate the sizes of these 
nuclei. 


c) The phenomena of alpha-radioac- 
tivity and the theories built around 
them have been used as guides for 
finding new isotopes and “extinct” 
istopes of elements that once existed 
upon earth. Many new alpha-emitters 
have been found in the region of the 
artificial elements above uranium, and 
seven other isotopes of plutonium be- 
sides Pu 239 have been identified. 


Beta-Radioactivity 


Most radioactive isotopes decay to a 
less excited state by emitting a beta 
particle, either a negative electron or 
a positive positron. The radioactive 
nuclei of carbon 14 and oxygen 15, 
both end as stable isotopes of nitrogen: 
Carbon 14, the radioisotope with 6 
protons and 8 neutrons in its nucleus, 
emits a beta particle, an electron with 
one unit of negative charge. The con- 
sequence is that one of the neutrons 
in the nucleus has now become a pro- 
ton. Now, with 7 protons in its nu- 
cleus — 7 positive unit charges — the 
nucleus no longer is carbon; it has 
become nitrogen. Its weight is the 
same as before: 14 nucleons in all, but 
its positive charge has increased from 
6 to 7. 


Oxygen 15, a radioisotope with 8 
protons and 7 neutrons in its nucleus 
emits a positron, with one unit of 
positive charge. The effect is the re- 
verse of the above: one of its protons 
has become a neutron. Its weight is 
the same as before (15) but its posi- 
tive charge has been reduced from 8 
to 7, so it is now nitrogen 15, a stable 
isotope. 
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One of the conclusions that seem to 
follow from these observed facts is 
that a neutron is a combination of 
proton (positive charge) and electron 
(negative charge) and that it trans- 
forms itself into a proton by getting 
rid of the electron. But as soon as the 
energies involved in the reaction were 
measured this theory ran into trouble. 
In transforming from an excited to 
a stable state, the nucleus reduces its 
energy-content, and this reduction can 
be measured. Theoretically, the emit- 
ted electron should carry just this 
amount of energy. But, usually, it 
carries less. 


The Neutrino 


To account for this discrepancy, there 
has been postulated an uncharged 
particle, the neutrino, assumed to be 
emitted by the neutron along with the 
electron and to carry the missing en- 
ergy. This particle has never been 
observed: and, in fact, its postulated 
properties — close to zero mass and 
no electrical charge — make its obser- 
vation next to impossible. 

Nuclear physicists today are con- 
tinually making more precise obser- 
vations of beta decay and keeping a 
lookout for the neutrino. In experi- 
ments conducted over the past year, 
serious errors in the measurement of 
the energies of emitted beta particles 
have been corrected. It has been found 
that the samples of material used as 
beta-particle sources in many previous 
experiments were too thick, with the 
consequence that many of the emitted 
particles lost part of their energy by 
absorption in the sample before they 
could emerge from it. 

By using thin enough source ma- 
terials in a solenoid spectrometer, en- 
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ergy measurements have been obtain- 
ed at Columbia University that agree 
closely with the _ electron-neutrino 
theory of neutron structure. Equip- 
ment is now being prepared at Colum- 
bia to conduct an experiment on the 
beta decay of helium 6, with the ex- 
pectation of throwing more light on 
the problem. 


Half-life Measurement 


The two radioisotopes mentioned 
above provide examples of long and 
short half-lives. Half of the atoms in 
a given sample of oxygen 15 will trans- 
form themselves into nitrogen in 126 
seconds, but the carbon 14 will need 
5,100 years for the same change. Most 
radioisotopes have half-lives some- 
where in between. 

For many reasons, it is important 
to know half-lives accurately. Those 
ranging from a few seconds to a few 
thousand years can be measured fairly 
easily, but there is difficulty in measur- 
ing the very short half-lives. Brook- 
haven Laboratory has constructed an 
instrument to measure those that are 
extremely short. The sample of ma- 
terial is placed on the rim of a rapidly 
rotating disc. As the sample rotates 
through a strong beam of neutrons, a 
small amount of radio-activity is in- 
duced in it. It next whirls past two 
Geiger counters. If the induced radio- 
activity has a very short half-life the 
second counter will show a lower 
count than the first, since some of the 
isotopes will have disintegrated in the 
time that it takes the disc to turn 
from one counter to the other. It is 
then possible, knowing the speed of 
rotation of the disc, the distance be- 
tween the two counters, and the num- 
ber of counts registered respectively 
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on the counters, to calculate the half- 
life of the radioactive material. The 
more accurate determination of the 
half life of carbon 14 is the object of 
another series of Brookhaven studies 
being carried out in collaboration with 
the Massachusetts Institute of Tech- 
nology and the University of Min- 
nesota. 


Other Particles 


A single bombardment experiment 
sometimes can throw considerable 
light upon the nuclear structure of 
target atoms. At Berkeley, for ex- 
ample, deuterons were discovered 
coming out of a bombarded target. 
This was surprising, because the bond 
between the proton and neutron in a 
deuteron is relatively weak and the 
experimenters at first had difficulty in 
understanding how it could withstand 
the violent disruptive forces of the 
bombardment. 

Theoretical explanation was soon 
forthcoming in terms of a “pick-up” 
process within the nucleus. The in- 
ternal energy of a nucleus in its 
normal state causes some nuclear 
particles to move within the nucleus 
at high speeds. When an incident 
high-energy neutron passes into and 
through a nucleus there will be a 
possibility of its joining with a proton 
moving with comparable speed and 
direction, and the two may thus 
emerge as a deuteron. 

Deductions like this are made by 
calculating such quantities as the 
“yield” — that is, how many product 
particles are actually emitted from the 
nucleus for a given number of inci- 
dent particles — and the “angular 
distribution,” or the direction of emis- 
sion of the particles. 
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Chemists Map Fission Products, 
Properties of New Elements 


Chemists in Nuclear Research 


> Cnuemistry plays an essential part 
in nearly all of the studies of the 
atomic nucleus that have been re- 
counted, but whenever it is necessary 
to handle and process the special ma- 
terials that result from nuclear re- 
actions, or are essential to bring them 
about, the role of the chemist becomes 
primary. A sizable proportion of the 
problems of atomic energy develop- 
ment — all the way from the extrac- 
tion of radioisotopes for medical re- 
search to the designing of a reactor to 
drive a warship — are problems in 
chemistry. 


Some of these problems involve 
only the development or adaptation of 
already understood principles of the 
behavior of atoms and molecules. 
Many others, however, are so new 
that the chemists who work at them 
are exploring unknown regions, just 
as truly as are the other workers in 
fundamental science who seek knowl- 
edge for its own sake. 

The major share of effort in chemi- 
cal research goes into projects specific- 
ally aimed at solving the practical 
problems of atomic energy develop- 
ment, but the Commission furthers 
some purely basic chemical research 
in atomic energy — the study of new- 
ly created elements and the utilization 
of new nuclear-research techniques 
for discovering facts about nature. In 
all of these kinds of research, as in 
purely nuclear studies, chemists and 
physicists work together. 
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Problem of Plutonium 


The wartime development of plu- 
tonium production typifies the role of 
chemistry in atomic energy, with its 
mixture of basic and applied investi- 
gation and its use of the techniques 
of physics. 

To begin with, there would have 
been no plutonium in the early 1940's 
— nor, indeed, any exploitation of 
nuclear fission — if physicists and 
chemists had not for years been seek- 
ing knowledge for its awn sake about 
the transuranium elements. With the 
new techniques of nuclear bombard- 
ment, they had been attempting to 
produce atoms heavier than uranium, 
elements that did not exist in nature. 
They had developed theories about 
what these elements, including pluto- 
nium, should be like — their physical 
and chemical properties. 

Of course, they had no practical 
knowledge of plutonium’s properties. 
In the then recently invented cyclo- 
tron at the Berkeley Radiation Lab- 
oratory, they produced an isotope of 
plutonium and, using both theory and 
empirical methods, were able to ex- 
tract chemically a small amount of 
this new element from the large quan- 
tities of other radioactive substances 
with which it was intermixed. By 
using this isotope of plutonium, ob- 
servable only by “tracer” techniques 
dependent on its radioactivity, they 
were able to determine more definite- 
ly some of its chemical properties. 
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> Cuemists grinding uranium ores for research material, at Oak Ridge. Be- 
cause the concentration of uranium in the rock ts quite low, a large quantity 
of rock must be processed to get a little of the remarkable element. 


Using this knowledge, they then were 
able to extract it more efficiently, ob- 
tain larger quantities, and determine 
its chemical properties more rigorous- 
ly. With this information they were 
at last able to undertake the much 
more difficult job of preparing and 
isolating a small amount of the iso- 
tope of interest, Pu 239, and to demon- 
strate that it actually was fissionable. 


This accomplished, the second stage 
of the task began. It was necessary to 
study plutonium chemistry again in 
much greater detail in order to carry 
out the enormously more complex job 
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of separating it on an industrial scale 
from the uranium and intensely radio- 
active fission products. 

It is characteristic of the function 
of basic research that some of the 
chemistry worked out at this stage 
was not used for the plutonium sepa- 
ration process but later became ex- 
tremely important for the solution of 
problems not foreseen at that time. 
Such problems will continue to arise. 
A broad program in nuclear chemistry 
therefore includes not only basic re- 
search for which there is a foreseeable 
objective, but also much in which the 
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discovery of new phenomena and 
gathering of new information is the 
only immediate goal. 


Chemical Separation 

The job that the chemist is most 
often called upon to do in atomic 
energy is to separate, or extract, one 
material from another, or more often, 
from a mixture of others. Chemists 
have many ways of doing this — 
selective solvent extraction, distilla- 
tion, precipitation, ion-exchange, and 
liquid-liquid extraction, for example. 
The Transition Elements 

The differing chemical properties 
of the elements, the basis for all of 
these separation methods, are inti- 
mately related to the differing ar- 
rangements of the electrons of their 
atoms. Hydrogen has | such electron 
outside the nucleus, helium 2, lithium 
3, carbon 6, iron 26, gold 79, and so 
on, up to uranium, the heaviest 
natural element, with 92. These elec- 
trons are arranged in layers or shells; 
and the elements’ chemical properties 
depend almost entirely upon the num- 
ber of electrons in the outermost shell. 
When successive elements are built up 
by addition of outer electrons, there 
are fairly sharp changes in chemical 
properties from element to element. 

But there are two areas in the 
periodic table where successive ele- 
ments are built up, not by additions 
to the outer shell, but rather by various 
additions and adjustments to the in- 
ner shells. One of these areas is oc- 
cupied by the “rare earth” elements, 
beginning with lanthanum, number 
57, and ending with lutecium, num- 
ber 71. The other such area comprises 
actinium (number 89), thorium (90), 
protactinium (91), uranium (92), 
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neptunium (93), plutonium (94), 
americium (95), and curium (96) — 
all of these being radioactive and the 
last four, of course, man-made. 


In these two families of elements, 
the members are so much alike chem- 
ically that there is some difficulty in 
separating them one from another in 
pure form. The elements in both of 
these families, particularly the latter, 
are of importance to atomic energy 
development. The chemical work in- 
volved in the program has been from 
the start very difficult. 


The Heavy Elements 

Greater understanding of the chem- 
ical characteristics of the heavy-ele- 
ment transition series is a prime ob- 
jective of the chemical research pro- 
gram. Knowledge gained about ac- 
tinlum, protactinium, neptunium, 
americium, and curium assists in deal- 
ing with the chemistry of thorium, 
uranium, and plutonium. In fact, the 
main impetus that led to the isolation 
of curium, achieved by the Radiation 
Laboratory, Berkeley, was the desire 
to study its properties and thus help 
establish the common properties of 
the whole series. Leaders in these 
studies have been Argonne, Los Ala- 
mos, and Berkeley. Brookhaven has 
recently undertaken a program of 
study of the magnetic properties of 
the heavy elements. 

Since available samples are often as 
small as a few millionths of a gram, 
their chemical properties must often 
be studied by tracer methods based 
on their radioactivity. AEC labora-, 
tories have succeeded, during the last 
year, in preparing protactinium and 
americium in metallic form, although 
the tiny quantities available and their 
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intense radioactivity made this a very 
dificult task. The work with the 
heavy elements, particularly ameri- 
cium and curium, has involved de- 
tailed studies of methods of separat- 
ing them from each other and from 
rare earth fission products, and has 
resulted in some marked advances in 
the technique of ion exchange. 

Los Alamos chemists have succeed- 
ed in separating a small quantity of 
americium (atom number 95; atomic 
weight 241). The material has about 
three times as much alpha activity as 
an equivalent weight of radium; and 
although its gamma radiation is not 
as penetrating, the work still calls for 
lead shielding. Chemists must handle 
this substance through gloves in en- 
closed boxes through which streams 
of air are constantly being drawn. 
Some of the Los Alamos americium 
is being converted by neutron bom- 
bardment into curium to provide 
samples of that element for study. 


Plutonium Separation 
Everything learned about the chem- 
ical properties of the heavy-element 
transition series helps in solving one 
of the most pressing problems of 
atomic energy development: the im- 
provement of the processes used for 
extracting pluton.am from the uran- 
ium slugs from the production reac- 
tors at Hanford and the development 
of the processes that will be used in 
connection with future reactors. The 
processes originally installed were 
hurriedly developed; improvements 
will increase the efficiency of the pro- 
duction of fissionable material. 
Plutonium separation constitutes 
probably the most difficult chemical 
problem ever undertaken on a large 


Fesruary 1950 


scale. The plutonium in the uranium 
slugs is exteremely dilute. Created 
along with it during reactor irradia- 
tion are a multitude of other elements, 
the fission products. Therefore, the 
chemist is faced with the job of sepa- 
rating and isolating a small amount 
of a single chemical element from 
over 40 other elements. 

The plants and laboratories of the 
Commission accordingly are engaged 
in constant study of the changes which 
plutonium undergoes under various 
treatments — how plutonium can be 
dissolved, how it can be precipitated 
from dilute solution, how solutions of 
plutonium and uranium compounds 
in water can be extracted into solvents 
other than water, and how plutonium 
metal can be made economically and 
efficiently from plutonium salts. 

Not only must the chemist study 
the chemical actions of plutonium but 
also he must know exactly what iron, 
aluminum, iodine, lanthanum, cerium, 
neodymium, samarium, calcium, bar- 
ium, tin, and some 40 or 50 other 
elements will do when treated by the 
method being studied. 

If there were available collections of 
data listing precisely what each ele- 
ment and its many compounds do 
when treated in a particular manner, 
there would still be great difficulty in 
selecting processes for the separation 
of plutonium. The reason is that the 
material does not always behave the 
same in the presence of other sub- 
stances as it does when alone, nor is 
its interaction always predictable. 
Chemistry of Rare Earths 

The other family of “transition ele- 
ments,” the 14 rare earth elements 
between lanthanum (57) and lutec- 
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ium (71), are important in the atomic 
energy program because they are 
prominent among the fission products 
created in uranium slugs along with 
plutonium in a production reactor. 
Most chemists knew very little about 
these rare earths in 1940. They occur 
together in nature, and — because 
they were so hard to separate and had 
not been of any great practical im- 
portance in the past — their chemical 
properties were little understood. The 
developers of atomic energy had to 
get the facts about these rare earths; 
the work to be done fell within the 
field of fundamental, experimental, 
and theoretical chemistry. 


Ames and Oak Ridge laboratories 
have pioneered the basic studies of, 
and the development of separation 
methods for, the rare earths. Their 
most successful method has been a 
refinement of the ion-exchange pro- 
cess. In this process, a solution con- 
taining rare-earth elements is allowed 
to flow downward through a long 
thin vertical tube which is packed with 
resin. The solid resin removes the 
various elements from solution by the 
process of ion exchange. After the 
rare earths are absorbed on the resin, 
a weakly acid sodium citrate solution 
is poured through the column. Under 
the action of this solution, the grip of 
resin upon the rare earths seems to be 
loosened, but to a slightly different 
degree for each rare earth element 
present. As the solution passes down 
the tube the rare earths begin to be 
carried with it, but at different rates, 
so that the solution as it emerges from 
the bottom of the column is found to 
carry one rare earth for a time, and 
then another for a time, then a third 


32 


for a time, and so on. By collecting 
these fractions in different vessels, 
chemists achieve a separation of the 
component rare earth elements. 
Remote-Control Chemistry 

The material that is put through 
this process, being the product of a 
nuclear reactor, is strongly radio- 
active. The chemist, therefore, cannot 
get close to his work; he must be 
separated from it by several feet of 
concrete. The thin glass column just 
mentioned, together with the con- 
tainers of fluid, pipes, valves, and all 
the other necessary apparatus, is 
sequestered within massive concrete 
walls of a “hot cell.” The operator 
works by remote control and views 
his work through mirrors and peri- 
scopes, even though the ‘quantities of 
material that he handles and the pieces 
of equipment that he uses may be 
tiny. 

Last of Missing Elements 

From the point of view of pure 
science, the exploration of the rare 
earth fission products has been an 
exciting advance. In some cases, the 
radioactive varieties that come out of 
reactors are the only samples of the 
elements that have ever been available 
for study. Oak Ridge Laboratory has 
been internationally accredited with 
the discovery of element 61, prome- 
thium, isolated by the ion-exchange 
process from reactor products. This 
laboratory, also, is the first producer 
in any quantity of technecium (43), 
the other of the final two missing ele- 
ments to be discovered. 

The successful application of the 
ion-exchange method to the separa- 
tion of rare earths has led to its use 
in other fields, notably the separation 
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of certain biological compounds 
known as nucleic acids and the sepa- 
ration of other very similar com- 
pounds or elements, the purification 
of which by other means is extremely 


difficult. 
Hydrogen Isotopes 


One of the most important prob- 
lems regarding atomic and molecular 
forces, one which interests physicists 
and chemists alike, is how atoms in- 
teract to form molecules. 


Because of the many electrons 
which usually form part of an atom’s 
shell, the interaction between atoms 
presents a problem which so far has 
been solved only partially. Much of 
the experimental evidence comes from 
a detailed study of the absorption 
spectra obtained when molecules ab- 
sorb light. The information thus ob- 
tained has made it possible to unravel 
many general features of the structure 
of molecules, and to obtain a knowl- 
edge of the forces acting between 
atoms. 

In most cases, the experimental 
difficulties and the complete impos- 
sibility of making basic theoretical 
calculations put a limit to the knowl- 
edge that can be obtained. Only for 
the simplest of molecules is it likely 
to be possible to get a fairly complete 
and accurate picture of the structure 
and the interatomic forces involved. 


The simplest of all molecules is 
that of hydrogen, which contains only 
two electrons. By studying this mole- 
cule, knowledge may be gained that 
will help to understand by analogy 
features in the structure of more com- 
plicated molecules. 

In the study of the hydrogen mole- 
cules, a complete theoretical treatment, 
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though difficult, is possible if there 
are enough experimental data to 
guide the theory. The molecular spec- 
trum of hydrogen contains more than 
10,000 lines from which data may be 
secured. 


Three Isotopes 

The interpretation of the meaning 
of these lines is in many cases very 
difficult and might be hopeless were 
it not for the fact that hydrogen exists 
in three isotopic forms, ordinary hy- 
drogen (H), deuterium (D), and the 
radioactive form, tritium (T). 

The interatomic forces among the 
three isotopes are practically identical, 
but their masses are different — deu- 
terium being twice and tritium three 
times as heavy as ordinary hydrogen. 
A combination of the three isotopes 
makes it possible to obtain six differ- 
ent kinds of hydrogen molecules (Ho, 
Ds, T2, DH, TH, TD), and the spec- 
tra of all six molecules may be studied. 
Because of the differences in mass, 
these molecules vibrate and rotate in 
different ways. Each state of vibration 
and rotation, combined with a par- 
ticular motion of the electrons, gives 
rise to a line in the spectrum. The 
spectra are, therefore, different for the 
six molecules, and the differences can 
theoretically be predicted from a 
knowledge of the masses and of the 
type of electron motions. 

The actual procedure is to produce 
the spectra of the six molecules and 
study the differences between com- 
parable lines. From this, the type of 
electron motion can be deduced. 
The electronic structure is responsible 
for the interatomic forces. 
Photographic Technique 

Tritium has become available only 
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recently. Fortunately, only very small 
quantities are necessary for this work. 
The first step — photographing the 
spectra of the hydrogen molecules 
containing tritium and measuring 
them — has been largely successful. 
The work has been a cooperative ef- 
fort of Argonne Laboratory and the 
Johns Hopkins University. The former 
has facilities for handling and puri- 
fying the radioactive tritium, the lat- 
ter the necessary spectroscopic facili- 
ties as well as experience with the 
analogous molecules containing deu- 
terium. 


High and Low Temperature 

If a powder consisting of tiny in- 
soluble particles is dropped into a 
glass of water, the particles may be 
seen, under high magnification, to be 
dancing about as though they were 
being kicked or pushed. As a matter 
of fact they are, by the motion of 
molecules (H2O) of the water. The 
incessant motion of atoms and mole- 
cules constitutes the phenomenon we 
know as heat. 


Absolute zero (460 degrees below 
zero, Fahrenheit) is the temperature 
at which constituent atoms or mole- 
cules of all substances are in a state of 
frozen immobility. As the tempera- 
ture rises, motion starts; but for a 
long distance up the thermal scale, 
the energies possessed by the primary 
particles of most substances are too 
weak to break the cohesive forces 
binding them together, and the sub- 
stance remains solid. At different 
temperatures, depending upon the 
strength of the cohesive forces peculiar 
to each substance, the atoms or mole- 
cules get enough heat energy to loosen 
the cohesive bonds and obtain enough 
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freedom to slide by one another. The 
substance “melts” and assumes the 
liquid state. At still higher tempera- 
tures, the cohesive forces are no longer 
able to hold the primary particles to- 
gether at all; the substances “evapor- 
ate” and assume the gaseous state. At 
even higher temperatures — say those 
of the sun or of an atomic bomb — 
the cohesive forces of the molecules 
themselves are broken; only separate 
atoms can exist, and even the atoms 
may be stripped of their electrons and 
reduced to bare nuclei. 


Temperature Extremes 


Chemists and physicists in the 
atomic energy program sometimes 
need to know the behavior of ele- 
ments and materials at both of these 
extremes. The chemists “who are lay- 
ing the groundwork for the design of 
nuclear reactors — which will use 
higher temperatures than ever before 
employed in a machine — and the 
physicists who must calculate the be- 
havior of an atomic weapon — where 
the temperatures are comparable only 
to those found in the centers of the 
stars — must seek the highest experi- 
mental temperatures attainable. At the 
other end of the scale, both physicists 
and chemists find, at temperatures 
close to absolute zero, elementary in- 
formation about materials 
their “rest” state. 


High-Temperature Work 


The United States has been behind 
other countries, notably Germany, in 
the study of high-temperature chemi- 
cal reactions. Lack of experience in 
this field was a serious handicap dur- 
ing the wartime atomic energy work, 
and studies were initiated in 1943 by 
the University of California. 


close to 
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One of the greatest problems of 
high-temperature work is finding ma- 
terials which can be used to contain 
the chemical process — materials 
known as refractories. Most molten 
metals are very corrosive at high tem- 
peratures, and few containers are 
known which can withstand the at- 
tack. 

The wartime search for satisfactory 
new refractories culminated in the 
discovery of some cerium sulfides 
which had been previously unknown. 
Methods were developed for fabricat- 
ing crucibles of this material and of 
various other metal sulfides found to 
have desirable properties for use as 
high temperature containers and con- 
struction materials. 


Chemists have made extensive use 
of thermodynamics in solving high- 
temperature problems. Using thermo- 
dynamic principles, they take the re- 


sults of experiments at room tempera- 
ture, and even at temperatures ap- 
proaching absolute zero, and use those 
results to predict behavior of chemical 
systems at very high temperatures. 
Information gained through such 
application of thermodynamics is com- 
bined with such data as that gained 
from observation of the behavior of 
materials on the surface of the sun 
and the stars, and with observations 
on earth of the geological processes 
which have taken place at high tem- 
peratures. This consolidation of 
knowledge permits predictions of the 
behavior of materials under yet un- 
tried conditions, such as those that 
will prevail in the interior of high- 
temperature nuclear reactors. 
Low-Temperature Work 
Among the most interesting experi- 


Fesruary 1950 


ments performed with materials at 


- 


ore “ me 
low temperature have been those at 
Los Alamos and Argonne dealing 
with isotopes of helium. Helium 4 
and helium 3 have been found to 
have very different properties at 
temperatures close to absolute zero. 

The rate of flow of liquid helium 4 
through a small opening decreases as 
the temperature is lowered — until 
the temperature reaches within a few 
degrees of absolute zero. But below 
this temperature its behavior abruptly 
changes. Instead of becoming more 
sluggish, helium 4 enters the so-called 
fourth state of matter in which the 
element becomes a super heat con- 
ductor and a super fluid. It is able to 
leak through openings so small as to 
hinder the movement of gaseous par- 
ticles, and actually creeps up and over 
the walls of its container. 

Helium 3, the rare isotope of 
helium, is chemically almost the same 
as He 4, but scientists wondered if 
the fact that it had only one neutron, 
instead of two, would make a differ- 
ence in its behavior at low tempera- 
tures. Recent investigations have in- 
dicted that, even within one degree 
of absolute zero, He 3 displays no 
signs of superfluidity. 


In order to make these tests, Ar- 
gonne scientists produced He 3 as a 
decay product of hydrogen 3, which 
is created in nuclear reactors by neu- 
tron bombardment of lithium. When 
lithium captures a neutron, it breaks 
down at once into a mixture of heli- 
um 4 and hydrogen 3. These can be 
readily separated since tritium will 
combine with oxygen to form a kind 
of water while helium remains as a 
gas. 


= 





Structure, Strength, Plasticity 
And Resistance to Corrosion 


The Nature of Metals 


> Tue concept of the molecule is not 
needed, nor in most cases can it be 
used, by the metallurgist. Atoms of 
metallic elements combine in a much 
broader linkage pattern, regular and 
symmetrical to be sure, but without 
close-knit molecular units. In the 
simplest crystal lattice of a metal crys- 
tal, the basic pattern is that of a cube 
with an atom at each of the eight 
corner positions, and this relative 
spacing continues in all directions. 
The commonest forms of combina- 
tions of metal atoms are simple modi- 
fications of this cubic pattern. 


In a molten metal no such regular 
lattice system exists. The atoms oc- 
cupy essentially random positions. 
When cooling causes solidification, the 
ordered lattice begins to form at many 
points simultaneously like ice crystals 
forming in water. From each of these 
points, growth proceeds in the pattern 
characteristic of the metal until further 
expansion is stopped by contact with 
other growing clumps or the walls of 
the containing vessel. The final solid, 
therefore, will be composed of many 
small crystallites or grains, each with 
the characteristic lattice pattern; but 
the lattice pattern of separate grains 
will be differently oriented with re- 
lation to each other. 

The main distinguishing properties 
of metals are their ability to undergo 
a plastic alteration in shape without 
cracking or breaking — the quality 
called malleability — and their high 
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electrical and heat conductivity. Elec- 
trical and heat conductivity are high 
because in the type of atomic binding 
peculiar to metals, electrons are free 
to move through the atomic lattice 
carrying electrical current and heat. 


Strength of Metals 


Strength and plasticity are related 
in a more complex way both to the 
atomic lattice binding and the more 
gross characteristics of grain or crys- 
tallite structure. In theory, metallic 
structure should provide. considerably 
greater strength than is actually the 
case. Many attempts have been made 
to expain this discrepancy, but the 
answer is still not clear. Currently the 
most acceptable explanation is that 
actual strength is less than theory in- 
dicates because of imperfections 
known as dislocations believed to be 
present within the metal lattice. 


A group under AEC sponsorship at 
the University of California is attack- 
ing this problem by controlled experi- 
ments on “creep” of high purity 
nickel. The term “creep” signifies 
very slow extension or stretching of 
a metal under stress at elevated tem- 
peratures. 


To measure this property, a care- 
fully machined specimen is suspended 
vertically in a furnace and subjected 
to a load tending to stretch it. The 
actual total stretch may only be a 
few thousandths of an inch, and meas- 
urements are usually made to an ac- 
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curacy of at least one ten-thousandth 
of an inch. The commonest method 
of measurement is by sighting inside 
the furnace with an optical telescope 
and measuring and comparing the 
motion of two reference points on the 
specimen. Furnace temperatures must 
not vary more than one-half of one 
degree from the control point, since 
temperature fluctuation strongly 
affects creep rates. Creep rates also 
depend on metal grain size, the prior 
heat treatment of the specimens, the 
rate of hardening produced by the 
stretching, and other factors. 

Creep occurs generally in three 
stages, all of which are accelerated by 
high temperatures and heavy loads: 
a) A rapid stretching or elongation 
which continues for a short time 
(minutes or hours). 

5) A slow, steady extension 
may continue for years. 


which 


c) Finally, a rapidly increasing rate 
of stretching until failure occurs. 
The mechanism by which creep oc- 
curs is still a subject of controversy. 
Creep occurs in single crystals and 
also in material made up of many 
crystals or grains. Theories of dislo- 
cations (specific lattice discontinui- 
ties), theories concerning so-called 
viscous flow at grain boundaries, and 
theories involving a subcrystalline 
unit labelled a “mosaic block” are all 
prevalent today. It is hoped that data 
resulting from this work will aid in 
developing a more satisfactory theory 
of plastic flow in metals. This is 
potentially of great importance to the 
nuclear reactor engineer. 
Diffusion in Solid Metals 


A fundamental fact in metallurgy, 
perhaps hard to visualize, is that con- 
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siderable movement of atoms is pos- 
sible within a metal lattice. Some of 
the most important properties of 
metals, such as grain growth, re- 
crystallization, and age-hardening are 
affected by this through-the-lattice 
movement of atoms known as diffu- 
sion. For example, if a smooth flat 
block of copper is placed on a similar 
smooth flat block of silver, and the pair 
are heated to a fairly high tempera- 
ture but still below the metals’ melting 
points, silver atoms will move into 
the copper block and copper atoms in- 
to the silver block. And this net inter- 
change, or diffusion, of silver and cop- 
per atoms bonds the metal blocks 
solidly together. This technique, ac- 
tually used to fasten metals together, 
is known as diffusion bonding or dif- 
fusion welding. Heat is necessary since 
the rate of diffusion of atoms is great- 
ly accelerated by increasing tempera- 
tures. 


If two similarly prepared blocks of 
copper are placed together and heated, 
similar bonding occurs. This indicates 
that copper atoms move across the 
interface (boundary) between the 
blocks to form atomic linkages and 
hold the blocks together. This move- 
ment of atoms in a single metal i 
known as self-diffusion. It explains 
why strong, coherent metal bodies can 
be formed by powder metallurgy pro- 
cesses in which finely powdered metals 
are first compressed under high pres- 
sures and then heated to high temper- 
atures for “sintering.” In sintering, 
metal atoms simply diffuse across the 
compacted particle boundaries and 
establish a continuous solid body. In 
none of these operations is the melt- 
ing point of the material ever reached, 
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and all bonding reactions occur be- 
tween solid particles. 


Hardening of steel takes place large- 
ly because of a change in the organi- 
zation of the iron lattice as the metal 
is cooled from high temperatures. 
This so-called phase change is made 
possible by the diffusion of atoms to 
new sites in the lattice. The harden- 
ing process in steel is a key industrial 
phenomenon, and much of our pres- 
ent knowledge of diffusion grew out 
of extensive research in steel tech- 
nology... . 


Heat-Energy Approach 


Stepping almost directly into the 
chemist’s field, metallurgists have re- 
cently begun more extensive use of the 
so-called thermodynamic approach to 
find answers to unsolved fundamental 
problems. In this approach, attention 
is focussed on the varying heat-energy 
content of metals under different con- 
ditions. For example, heating a one- 
pound sample of iron up to its melt- 
ing point (about 2,800 degrees Fahr- 
enheit) from room temperature (say 
70 degrees Fahrenheit), requires about 
86,000 calories of heat energy. At this 
point, to melt the iron, without any 
further change in temperature, re- 
quires nearly 30,000 calories. Melting 
is called a “change in state.” Other 
changes in states are known — vapor- 
izing, condensing, solidification — and 
each one requires a transfer of heat 
energy. 

This change in heat energy works 
in both directions. In some changes of 
state, heat energy is given off. When 
steam condenses into liquid water, a 
large amount of heat is liberated — 
268,000 calories per pound — and this 
takes place at 212 degrees Fahren- 
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heit without any change in tempera- 
ture. Similarly, heat energy must be 
taken from water at the freezing point 
to change water to ice. 


Chemists have known for a long 
time that heat-energy changes go along 
with chemical reactions. And _ the 
chemical reactions that occur in pro- 
cesses of refining and alloying metals 
are no exception. This is the point 
where the metallurgist borrows tech- 
niques from the chemist. Reactions 
which occur in liquid alloys or liquid 
metallic solutions can be studied by 
methods similar to those which the 
chemist has used for many years in 
studying solutions in water and other 
liquids at lower temperatures. While 
the same thermodynamic principles 
apply to liquid metallie solutions, ex- 
perimental methods must be develop- 
ed to meet the problems imposed by 
higher temperatures. . . . 

X-ray Studies 

The question of order or degree of 
lattice perfection is also being studied 
at Carnegie Institute of Technology 
by advanced X-ray methods. 

The research programs at MIT and 
the Carnegie Institute of Technology 
are examples of the growing use of 
X-rays in studying the atomic struc- 
ture of metals. If we recall that normal 
sunlight can be separated into its spec- 
trum of wave lengths by means of 
finely-ruled gratings, it is somewhat 
easier to understand the use of X-rays 
in crystal structure work. Here the 
lattice planes in the crystal take the 
place of the grating lines and reflect 
the X-rays. The angles of reflection 
depend on such things as lattice 
spacing and regularity. In a typical 
experimental setup, a beam of X-rays 
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strikes a crystal at a known angle. 
Within the crystal, the rays are re- 
flected (at the same angle) onto a 
photographic film. X-ray pictures on 
film can then be interpreted to reveal 
information on the atom arrangement 
of the crystals through which the X- 
rays pass. 

Research on Corrosion 


Corrosion is a general problem in 
use of metals. Its severity varies with 
the environment to which the metals 
are exposed. Since corrosion is gen- 
erally accentuated by high tempera- 
tures, it is of prime concern to atomic 
energy metallurgists. 


Two paths of solution are open. 
The first approach is through specific 
experiments on one material under a 
specific set of conditions. This type of 
development research is needed to ob- 
tain quick answers to the most press- 
ing problems. But then, more fre- 
quently than not, if conditions are 
altered slightly, these answers no 
longer apply, and the work must be 
repeated. 


The second, more fundamental, ap- 
proach is through a long-range re- 
search program which will reveal the 
basic nature and underlying causes of 
corrosion in metals. The principles 
thus learned can then be applied to 
the specific problems at hand. 


Since the Office of Naval Research 
already has under way a well organ- 
ized, comprehensive program on cor- 
rosion fundamentals, AEC has not 
entered into extensive work in this 
field but has tried to select limited 
areas which appear most relevant to 
direct corrosion problems of the atomic 
energy program. 
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Certain types of corrosion are ac- 
companied by a flow of electric cur- 
rent and are characterized by voltages 
known as “electrode potentials” which 
exist between metals placed in cur- 
rent-carrying solutions. For instance, 
if a number of metal strips such as 
copper, silver, nickel, and zinc are 
immersed in a salt solution, and a 
voltmeter put in contact with any two 
dissimilar strips, a voltage will be 
shown on the voltmeter. These elec- 
trode potentials vary with the metals 
and solutions involved, the tempera- 
ture, and other factors. 

Corrosion of Zinc 

The work now being done at Car- 
negie Institute of Technology on the 
corrosion of zinc is a good illustra- 
tion of the need for the complete 
understanding of this corrosion pro- 
cess. Historically, coatings of zinc on 
steel, commonly called galvanized 
steel, have been used for many years 
to minimize the reaction of the steel 
with water and prevent the forma- 
tion of rust. The traditional explana- 
tion for the protective action of the 
zinc is that zinc, being more active 
chemically than steel, has a greater 
tendency to go into solution; hence, 
the steel is protected at the expense or 
sacrifice of the zinc coating. 

The common use of galvanized 
articles over many years might lead 
one to believe that the corrosion be- 
havior of zinc had been accurately 
evaluated. However, only recently it 
has been noticed that galvanized steel 
when exposed at high temperatures to 
certain types of water, as in water 
heaters, is no longer protected by the 
zine coating. Under these special con- 
ditions, the zinc coating appears to 
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have lower activity than steel and it 
is the steel that corrodes. Full-scale 
basic investigations of this type of 
phenomenon will give information 
which will lead to a more complete 
understanding not only of the corro- 
sion characteristics of zinc but also of 
the corrosion process in general. 

Along with the work on zinc, the 
corrosion characteristics of titanium 
metal are also being evaluated. Titan- 
ium metal is the basis of an intensive 
industrial development at the present 
time, because its solutions or alloys 
with other metals have high strength 
and light weight. The future uses of 
titanium and titanium alloys depend 
on better understanding of their re- 
actions with water or water solutions. 
The present study will furnish such 
information and also assist in develop- 
ing a general theory of corrosion. 
Effects of Radiation 

Another topic of major concern to 
the Commission’s materials engineers 
is the effect of radiation on metals. 
Again a double-barreled approach is 
being taken to obtain answers to the 
problems. 

In the first place, samples of many 
different materials are being put into 
operating reactors to determine the 
effects of radiation on their hardness, 


Report to 
> THE PRECEDING pages have brought 
readers of CHEMistry excerpts from 
the Seventh Semiannual Report of the 
U.S. Atomic Energy Commission. 
They form a concise and authoritative 
summary of some of the most funda- 
mental research in nuclear science in 
progress today. The editors of CHEMis- 
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electrical resistance, dimensions, 
strength, and other properties. This 
empirical cut-and-try approach is be- 
ing supplemented by basic investiga- 
tions into how radiations induce 
changes. Part of this basic work is 
being done in universities and other 
cooperating institutions by the use of 
cyclotrons or other nuclear particle 
accelerators to irradiate metal samples. 


Atom Displacement 


Since the displacement of atoms or 
distortions of the atomic lattice are 
the basis for many property changes 
in metals, radiations which cause such 
displacements can be used to investi- 
gate metal structure. For example, 
when a neutron from a reactor pene- 
trates a metal lattice it may strike the 
nucleus of one of the metal atoms and 
displace this atom from its normal 
position. The lattice is thus distorted. 
When many thousands of neutrons 
per second enter a small area of metal, 
considerable disruption of the lattice 
is possible. In some cases the displaced 
atoms may lodge in between normal- 
ly located atoms and create high 
stresses. This will show up in greater 
hardness, less heat conductivity, less 
ductility, and perhaps even in changes 
in size of the material affected. 


Readers 


try deplore the idea of using the hy- 
drogen bomb to sear life off the face 
of the earth—as it would surely do 
over some undetermined area. At the 
same time they recognize that research 
into structure of the light elements is 
even more revealing than that into fis- 
sionable heavy elements. 
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Radioactive Hydrogen Isotope 


May Power Newest Super Weapon 


The HT Bomb 


> Tue super some will probably be 
known as the HT-bomb. HT for hy- 
drogen-tritium, the reaction likely to 
be used in the bomb, and HT, of 
course, for Harry Truman. 

The hydrogen-tritium reaction was 
made public nine months ago at a 
meeting of the American Physical 
Society in Washington by six scientists 
of the Los Alamos Atomic Energy 
Commission laboratory. 


The reaction between hydrogen pro- 
tons and tritium, which is hydrogen 
that is three times as heavy as ordi- 
nary hydrogen, produces helium and 
billions of electron volts of energy. 


The scientists told the assembled 
physicists how they bombarded atoms 
of tritium with accelerated protons in 
the laboratory. The result of the 
bombardment of each atom of tritium 
was one atom of helium and gamma 
rays carrying 20,000,000 electron volts 
of energy. It is this energy which will 
be the punch of the HT-bomb. 

The six scientists who delivered the 
paper are H. V. Argo, H. T. Gittings, 
A. Hemmendinger, G. A. Jarvis, H. 


Mayer and R. F. Taschek. 


Tritium is a very rare material 
which is not found in nature and 
which can only be produced in quan- 
tity by the few uranium piles now 
existing in the world. The uranium 
piles also produce plutonium, which 
is essential in the manufacture of the 


old-type A-bombs. It is believed that 
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the piles produce even less tritium 
than plutonium. 


There is another hydrogen-helium 
reaction which might be used — that 
between deuteron and deuteron, call- 
ed the D-D reaction. Deuterium, from 
which deuterons come, is only twice 
as heavy as ordinary hydrogen. 

However, deuterium is relatively 
plentiful. Tons of it have been manu- 
factured and anyone can buy heavy 
water, take out the oxygen and have 
plenty of deuterium. 


‘It would seem that if deuterium 
were the super bomb material, it 
would have been manufactured and 
tested long ago. 


A hint that such a critical and rare 
material as tritium will be used in the 
HT-bomb came in the “$50,000,000,- 
000” speech of Chairman Brien Mc- 
Mahon of the Congressional Atomic 
Committee on Feb. 2. He said, “The 
scientific facts surrounding the hy- 
drogen bomb more than ever render 
necessary the general kind of techni- 
cal program which the United Na- 
tions, after exhaustive study, has ap- 
proved.” That program, the Baruch 
plan, was based on the ease of keep- 
ing track of all sources of rare plu- 
tonium. It could easily be adapted to 
controlling by inspection all uranium 
piles which produce the even rarer 
tritium. 


The Baruch program, however, 
could not begin to control all sources 
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of deuterium which already is manu- 
factured easily and in very great quan- 
tities. 


Sen. McMahon went on to say that, 
“more than ever there is no escape 
from strict control of raw materials, 
strict control of plants, and continu- 
ous inspection.” It would be impos- 
sible to get the manufacture of deu- 
terium back into any kind of control. 


The Los Alamos physicists of course 
did not tell the scientists at last April’s 
Physical Society meeting that the HT 
reaction will be the basis of the HT 
bomb. They merely reported their 
observation and measurement of the 
energy released when a proton hits an 
atom of tritium. 


Their laboratory experiment, also, 
was in no sense like what would hap- 
pen in an HT-bomb. They probably 
used a well-known laboratory ma- 
chine to speed up the protons some- 
what so that when they were aimed 
at the tritium atoms they would stand 
some chance of penetrating into the 
heart of the tritium atoms. 

It is certain that, in the experiment, 
only a few tritium atoms fused with 
the protons aimed at them and thus 
released energy. 

In order to make sure that most or 
all the atoms in a mass of tritium 
would fuse with the protons, intense 
heat would have to be created. So far, 
this can only be done by setting off 
an old-fashioned uranium bomb. 
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Atom Bomb-Proof Buildings 


> Burp your new house or factory 
to withstand the most violent hurri- 
cane or the strongest earthquake and 
it may stand up under a half-mile 
distant blast of an old-fashioned fis- 
sion atomic bomb. 


But the government’s tentative 
recommendations on building and 
bridge construction to resist atomic 
blasts are admittedly of pre-hydrogen 
bomb vintage. What, if anything, 
will stand up under the H-bomb is 
a question for the future. 


For several years the Department 
of Defense and the Atomic Energy 
Commission have been compiling a 
handbook on atomic weapons. Part 
of it is this study on atomic explosion 
damage. It admits that fixing up old 
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buildings to resist the air blast of an 
atom bomb is “a much more difficult 
problem” than building new build- 
ings for safety. Just as earthquake 
experts do not like cornices and trim 
that may fall on the heads of passers- 
by, the atomic damage experts sug- 
gest the removal of such dangerous 
decorations. 

Reinforced concrete or steel frame 
buildings are favored, and they should 
be designed for a horizontal push 
from the wind blast of 90 pounds per 
square foot and a push downward 
of 70 pounds per square foot to pro- 
tect them from collapse. In case of an 
atomic explosion there is a sudden in- 
ward pressure, then about two seconds 
later a suction or pressure in the other 
direction not quite so strong. 
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Triple Weight Hydrogen 
Discovered by Rutherford 





The First Tritium 


Part One 
A Classic of Chemistry 


Sixteen years ago the isotopes of 
hydrogen and helium were little more 
than theories, and the energy ex- 
changes, which today are being con- 
sidered for use in weapons of warfare, 
were being discovered. In Ruther- 
ford’s paper, reprinted here, the 
curiously dual nature of these isotopes 
appears more clearly than in some of 
the later work. In his targets the ex- 
plosive interaction of the “charged 


particles” takes place in such com- 
monplace chemicals as ammonium 
chloride, ammonium sulfate and 
phosphoric acid in which ordinary 
hydrogen has been replaced by its 
heavier isotope through familiar chem- 
ical processes. “Diplogen” for double- 
weight hydrogen and “diplon” for its 
nucleus were the names favored by 
British researchers at that time. 


Heavy Hydrogen Studies 


TRANSMUTATION Errects OpsERVED 
Wirn Heavy Hyprocen, dy M. L. E. 
Oliphant, P. Harteck and Lord 
Rutherford, in Philosophical Trans- 
actions of the Royal Society, London, 


Vol. A 144, pp. 692-703, May 1934. 


> In our PAPER “Transmutation of 
Elements by Protons,”’ we showed 
that the transformation of some of 
the light elements by protons could 
be conveniently studied by the use of 
comparatively low voltages — of the 
order of 100,000 volts — by generat- 
ing an intense narrow beam of pro- 
tons which fell on the target of small 
area of about | sq. cm. In the light of 
experience of the past year, the in- 
stallation has been modified in several 
particulars and entirely reconstructed. 
By the addition of another 100,000- 


volt transformer in tandem and the 
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use of appropriate condensers the D.C. 
voltage available has been raised from 
200,000 to 400,000 volts. The main 
change, however, consists in the use 
of a horizontal instead of a vertical 
discharge tube. In place of glass, 

corrugated porcelain wall bushing 
capable of withstanding high voltages 
has been used to insulate the positive 
electrode, while the earthed metal 
casing forming the negative electrode 
projects through a brick wall. The 
arrangement of the internal electrodes 
is, in general, similar to that used in 
the earlier apparatus. The oil cooling 
circulation has been improved as the 
electrodes cannot now be cooled by 
radiation alone. As before a magnetic 
field is applied to sort out the various 
types of ions generated in the dis- 
charge tube. The use of the horizontal 
tube has many advantages, not only 
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for assembling the controls at con- 
venient points but also in the ease of 
handling the counting apparatus and 
absorbing screens. 


The new installation has worked 
smoothly and satisfactorily and we 
have been able to increase the number 
of disintegration particles available for 
study by a factor of 10 to 50. The 
thick brick wall acts as a complete 
screen for the X-radiation generated 
in the system. 


In our last paper? we gave an ac- 
count of the transformations produced 
in lithium by the ions of heavy hydro- 
gen. The heavy water used for this 
purpose was generously presented to 
us by Professor G. N. Lewis. For our 
present experiments we have depend- 
ed on a supply of concentrated heavy 
water prepared in the Cavendish Lab- 
oratory by Dr. P. Harteck.* For pre- 
liminary requirements a weak con- 
centration of diplogen’ of about 12% 
was generally used. Stronger concen- 
trations up to 30% mixture with 
helium’ were necessary in order to 
study the emission of neutrons and 
protons. The action of diplons on 
diplons was studied by observation 
of the effects produced when diplons 
were used to bombard targets cover- 
ed with a thin layer of a preparation 
containing heavy hydrogen. These 
were ammonium chloride, ammonium 
sulphate, and orthophosphoric acid in 
which the normal hydrogen had been 
largely replaced by diplogen. The 
method of preparation was very 
simple. A small quantity of the normal 
ammonium salt or the phosphoric 
pentoxide was added to an excess of 
heavy water. An equilibrium was at 
once established between the concen- 
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tration of hydrogen and of diplogen 
in the compound and in the water’, 
and if a drop of the solution was 
placed upon a warm iron target and 
allowed to evaporate a stable but non- 
uniform layer of a salt containing 
diplogen was left behind. The ND,Cl 
was also deposited upon the target in 
the form of a very thin and uniform 
layer by means of sublimation, but 
this very property renders the target 
unstable and liable to disappear rapid- 
ly under bombardment. The phos- 
phoric acid remained as a liquid film 
over the surface of the target. Ex- 
ceedingly small quantities of the sub- 
stances are required. 


Action of Diplons on Diplons 


The most interesting and important 
reaction which we have observed is 
that of heavy hydrogen on heavy hy- 
drogen itself. Experiment has shown’ 
that diplogen is not appreciably affect- 
ed by bombardment with X-particles 
from polonium, and we have been 
unable to detect any specific action of 
protons on diplogen for energies up 
to 300,000 e-volts. We were therefore 
surprised to find that on bombarding 
heavy hydrogen with diplons an 
enormous effect was produced. We 
assumed at first that this was an effect 
due to radiation passing through the 
counting chamber as previous experi- 
ments had shown that X-rays could 
produce just the results observed, but 
subsequent observation at such lower 
bombarding potentials showed that 
we were dealing in reality with a very 
large emission of protons. The origi- 
nal observations were made on 
ND,Cl, but in order to establish that 
the effects observed came from the 
action of D on D and not from the 
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nitrogen or chlorine, we bombarded 
targets of (ND4)2SO, and of D3PQx. 


It is evident that there are present 
in each case two very prominent 
groups of particles of ranges 14.3 and 
1.6 cm. respectively. Careful counting 
of the records established that the 
numbers of these particles were iden- 
tical within the errors of measure- 
ment. The maximum size of the de- 
flection produced on the oscillograph 
record by the particles in each group 
indicated that they both consisted of 
singly charged particles. On these 
data it is natural to assume that the 
particles are emitted in pairs opposite 
one another, and that the difference 
in range arises from a difference in 
mass, and hence of the velocity and 
energy. The simplest reaction which 
we can assume is 

1D* + ,D*® > . Het > ,H* + 1 

(Ref. 8) (1) 

While from the point of view of 
both experiment’ and theory, we have 
no information of the details of the 
nuclear changes involved and can only 
study the final result, yet it is often 
useful and may even be more correct 
to assume that the first step in the 
process is the capture of the bombard- 
ing particle to form a new and heavier 
nucleus. If this proves unstable, it 
then breaks up, possibly in a variety 
of ways. The recent discovery by M. 
and Mme. Curie-Joliot,? and by Cock- 
croft and Walton,’’ that a type of 
radioactive nucleus is formed by the 
capture of an X-particle, diplon or 
proton lends support to this point of 
view. The time of transformation may 
vary over very wide limits and may 
sometimes be so short that the process 
cannot be experimentally followed. In 
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the case which we are considering we 
are inclined to interpret the observa- 
tions in the following way. The initial 
process is the union of two diplons 
to form a new nucleus of charge 2 
and mass 4, .e., a helium nucleus. If 
we neglect the energy of the bom- 
barding particle and assume the mass 
of D to be that given by Bainbridge,”! 
the mass of this helium atom must be 
4.0272, and it therefore possesses an 
excess energy over the normal helium 
atom, of mass 4.0022, of about 23 
million volts. This atom is unstable 
and may lose its energy in a variety 
of ways, some of which are consider- 
ed later. We are considering here the 
breaking up of the helium nucleus 
into a proton and a hydrogen isotope 
of mass 3. The transformation follows 
so rapidly after the capture that no 
evidence of the existence of the excited 
helium nucleus has so far been ob- 
tained. 

The mass and energy relations on 
the right-hand side of equation (1) 
can be obtained in the following way. 
The ,H! particle possesses an energy 
of 3.0 x 10® e-volts, corresponding to 
protons of the observed range of 14.3 
cm. Then, from momentum considera- 
tions, the energy of the ,H® particle 
which is emitted in the opposite di- 
rection will be 1.0 x 10° e-volts, i.e., 
the total energy of the two particles 
will be 4.0 x 10® e-volts, correspond- 
ing to a mass-change of 0.0043 units. 
Hence the mass of the ,;H® atom will 
be 


4.0272 — (1.0078 + 0.0043), 


i.¢., 3.0151. The ionization produced 
by the ,H® particle will be at every 
point of its path identical with that 
produced by a proton possessing the 
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same velocity. However, owing to its 
greater momentum the ,H® particle 
wil! travel three times as far as the 
proton for a given reduction of velo- 
city. Consequently it will have three 
times the range of a proton of the 
same initial speed. The initial velocity 
of the ,H*, corresponding to an energy 
of 10° e-volts, is 8 x 108 cm/sec. The 
range of a proton with this velocity 
is 5.8 mm. according to data given 
to us by Feather. Hence the range of 
the ,H® particle should be 3 x 5.8 = 
1.74 cm. Considering the nature of 
the data available and the difficulties 
of determining the range of the short 
1.6 cm. group accurately, we feel that 
this agreement is very satisfactory. 


Additional evidence of the truth of 
our assumption is afforded by obser- 
vation of the way in which the ioniza- 
tion, as measured from the magnitude 
of the oscillograph deflections, varies 
near the end of the range of the par- 
ticles. We have plotted the number 
of deflections above a given size 
against the absorption in the path of 
the particles, using a chamber 3 mm 
deep. It is seen that the 14 cm group 
shows a very sharp peak which oc- 
curs about 2 cm short of the end of 
the range. The 1.6 cm group, on the 
other hand, rises rapidly to what ap- 
pears to be a much broader maximum. 
This is just what would be expected 
from a particle of greater mass, the 
velocity of which varies less rapidly 
with the length of path in the ma- 
terial than the proton. 


Still further confirmation of the 
truth of this mode of transformation 
would be provided if it could be 
shown that the ;H! and ,H*® particles 
recoil in opposite directions. This 
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point has been carefully examined by 
Dee using the Wilson expansion 
chamber method, and in a recent let- 
ter to “Nature”!* he concludes that 
there is no doubt of its correctness. 


It seems clear that the production 
of this isotope of hydrogen of mass 3 
in these reactions is established be- 
yond doubt. The mass of the ,;H* 
atom is consistent with its possessing 
a stability of the same order as ,H?. 
The possible existence of this isotope 
has been discussed by several writers 
and although a careful search has 
been made no evidence of its presence 
has been found. It seems probable, 
however, that it could be formed by 
the process we have considered in sufh- 
cient quantity to be detected ultimate- 
ly by spectroscopic or positive-ray 
methods. 

Voltage Variation and Absolute 
Yield — The variation with energy of 
the bombarding diplons, of the emis- 
sion of 14.3 cm protons, has been 
measured over a limited range of 
voltage. The yield is so great that the 
number of particles entering the 
chamber soon became inconveniently 
large, and also we found that at high 
bombarding energies the heavy hy- 
drogen compound is rapidly removed 
from the target. From the curve ob- 
tained with (ND ,).SO,, it is evident 
that particles are detected at energies 
as low as 20,000 volts and that the 
number increases rapidly with in- 
crease of accelerating potential.’* The 
nearly linear rise beyond 100,000 volts 
is probably due to the fact that, for 
potentials greater than this, the chance 
of disintegration in a collision is near- 
ly constant, and the number of trans- 
formations therefore increases propor- 
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tionally with the penetration of the 
bombarding particle into the target 
material. 


From the solid angle subtended by 
the window, and the known composi- 
tion of the target, we estimate that at 
100,000 volts the absolute yield of dis- 
integrations for collisions between D 
and D is of the order of magnitude of 
1 in 10°. This is a far greater yield 
than that obtained for any other dis- 
integration process, even at much 
higher potentials. Simple calculation 
shows that even a monomolecular 
layer of diplogen under the conditions 
of our experiment would give a large 
effect. Consequently every substance 
we have bombarded with diplons be- 
gins, after a short time, to show effects 
which are clearly due to traces of 
diplogen absorbed by or driven into 
the target. We have also observed 
that when a compound containing 
hydrogen, such as ammonium sul- 
phate or lithium hydroxide, is bom- 
barded with a strong beam of diplons, 
the hydrogen in the compound is 
gradually replaced in part by diplogen. 
After some time such compounds be- 
gin to behave as diplogen targets of 
appreciable concentration, and great 
care must be exercised to separate 
these effects from any others which 
are under investigation. This deposi- 
tion of diplogen from the beam itself, 
while easily distinguished by the ap- 
pearance of protons of characteristic 
range, is much more difficult to allow 
for when observations are made on 
the neutron emission of elements. For 
example, it is difficult to disentangle 
the emission of neutrons character- 
istic of lithium and beryllium from 
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the spurious effect due to contamina- 
tion by diplogen. 


The Emission of Neutrons — We 
have pointed out that the appearance 
of the oscillograph records obtained 
in our initial experiments on the 
effects produced on bombarding di- 
plogen with diplogen were suggestive 
of the presence of a strong radiation. 
The unstable form of He of mass 
4.00272, formed by the union of two 
diplons, might be able to revert to the 
normal form of He of mass 4.0022 
by losing the additional mass as en- 
ergy of a gamma ray or rays of 23 
x 10® e-volt energy. Accordingly we 
searched for such a radiation with a 
Geiger-Miiller counter. It was at once 
evident that there was present a very 
intense radiation capable of produc- 
ing an undiminished effect on the 
counter through 20 cm of lead. As a 
check on this a search was made for 
recoil nuclei with the linear counter, 
and it was found that neutrons are 
emitted in numbers comparable with 
the number of 14 cm protons. It is 
known that the Geiger counter is 
affected by neutrons both by the re- 
coil nuclei produced in the counter 
itself and also through the action of 
secondary radiations’+ produced when 
neutrons pass through matter. Under 
these conditions it is impossible for 
us to decide, on the basis of our ex- 
periments, whether a gamma ray of 
high energy is present. In order to 
establish the existence of such a radia- 
tion it will be necessary to search for 
high speed photoelectrons, either 
with the expansion chamber or with 
a system of coincidence counters. 

We have endeavoured to determine 
the properties of the neutrons by 
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various methods. The absorption in 
lead has been measured with the 
linear counter by observation of the 
number of recoil kicks produced with 
or without an absorbing screen of 5.5 
cm of lead between the chamber and 
the target. The average of three meas- 
urements showed that the number of 
kicks was reduced by 44%, corres- 
ponding to a radius of cross-section 
for a collision between a neutron and 
a lead nucleus of 8.4 x 103 cm. This 
is to be compared with the value 
found by Chadwick for the neutrons 
from beryllium bombarded by polon- 
ium a-particles, #.c., 7 x 10° cm.” 
Chadwick states that the cross-section 
does not appear to change rapidly 
with the energy of the neutron except 
when the energy is very low, so that 
the results tells us nothing except that 
the neutrons appear to behave in very 
much the same way as the neutrons 
from beryllium, which we know to 
possess a large range of energies. 


It is possible to obtain an approxi- 
mate value for the maximum energy 
of the neutrons by observation of the 
maximum size of the kicks produced 
by recoil nuclei in the linear counting 
chamber. From the known size of the 
kicks produced by a-particles, and our 
knowledge of the energy loss of such 
particles in traversing the chamber, 
we can estimate the ionization pro- 
duced by, and hence the energy of the 
recoil nuclei. Thus we find that the 
maximum size of kick produced in 
the chamber by the recoil nuclei in 
air is about 6 mm, if we neglect the 
very large deflections of 2 cm and 
over, which almost certainly result 
from disintegrations. Assuming that 
the energy loss of the recoil particle 
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per ion produced along its path is 
the same as for an a-particle, we find 
an energy for this nucleus of about 
0.5 x 10° e-volts. Application of mo- 
mentum considerations to a head-on 
collision between a nitrogen nucleus 
and a neutron leads to the conclusion 
that the energy of the colliding neu- 
tron must be about 2 x 10° e-volts. 
We have also made experiments on 
the energy of recoil nuclei produced 
in helium resulting in a silghtly high- 
er value of 2.2 x 10° e-volts. This gas 
is especially suited for neutron recoil 
observation as it does not suffer dis- 


integration by neutrons. 
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